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1–1  Dinuclear Transition-Metal Complexes 
Dinuclear complexes possess greater structural variety and advantageous features on their 
reactivity due to the capability for multiple coordination of substrates to two metal centers of 
them and for multi-electron transfer between substrates and the dinuclear core.1 Especially, in 
the case of dinuclear complexes with a proximal arrangement of two metal centers, substrates 
can be transformed through “multi-metallic activation” proposed by H. Suzuki et al. as a result 
of cooperative action of plural metal centers as illustrated in Figure 1–1.1 In this action, each of 
two metal centers functions as either a binding site or activation site and cooperates with each 
other to activate the substrate. 
 
 
Figure 1–1. Cooperative effect of two metal centers  
 
This type of cooperative effect of two centers toward transformation of substrates is 
exemplified by the formation of a phosphido-bridged diuthenium complex 
{(C5Me5)Ru}2(µ-η2:η2-C6H6)(µ-PPh2) (A) by a reaction of {(C5Me5)Ru}2(µ-H)4 with PPh3 via 
P–C bond activation as reported by H. Suzuki et al. (Scheme 1–1).1a,2 A proposed formation 
mechanism of A starts from sequential coordination of PPh3 to {(C5Me5)Ru}2(µ-H)4 
accompanied by reductive elimination of H2 to generate an intermediary phosphine-bridged 
dihydrido complex {(C5Me5)Ru}2(H)2(PPh3). Subsequent cleavage of a P–C bond of the 
coordinated PPh3 by its oxidative addition to one of the ruthenium centers form an 
(aryl)(-phosphido) intermediate. This intermediate undergoes C–H reductive elimination of 








Another example has been reported by Uyeda et al. in which dinuclear silane activation on 
a Ni(I)–Ni(I) core was found to take place by treatment of a dinickel complex 
(i-PrNDI)Ni2(C6H6) (B) with dihydrosilanes giving silane complex C (Scheme 1–2).3a Complex 
C, having two Si–H bonds activated by each of the Ni centers, is an isolable intermediate of 
hydrosilylation of alkynes catalyzed by B. This study demonstrated cooperative effect of two 
metal centers on activation of substrates in a catalytic reaction. 
 
 




1–2  1,8-Naphthyridine (Napy) Ligand and Its Derivatives 
1,8-Naphthyridine (napy) (Figure 1–2) serves as a versatile ligand in coordination 
chemistry because it adopts various coordination modes such as (a) monodentate, (b) bidentate 
chelating, and (c) bridging ones (Figure 1–3).4a In addition, this ligand often forms specific 
coordination compounds exhibiting uncommon structural, physical, or chemical properties. 
Particularly, napy4 and its derivatives3,5 have been widely utilized as supporting ligands for 









Figure 1–3. Coordination modes of the 1,8-naphthyridine ligand 
 
For instance, Bera et al. developed several kinds of 1,8-naphthyridine derivatives to 




Figure 1–4. Diruthenium complexes bearing 1,8-naphthyridine-based ligands   
 
 
1–3  2,7-Disubstituted 1,8-Naphthyridine-Based Ligand Precursors 
Napy derivatives with coordinating moieties at the 2,7-positions, such as BBAN,3k 
dcnp(H)2,3i and i-PrNDI3b as illustrated in Figure 1–2, particularly attract considerable attention 
as supporting ligands for dinuclear-complex catalysts in recent years.3a,c–h In the complexes 
bearing these kinds of napy-based ligands, a dinuclear core is effectively stabilized by 
chelation to each metal center. 
For example, dinickel- and diruthenium-complexes bearing napy-diimine type tetradentate 
ligands have been developed as catalysts by Uyeda et al.1,3a,c–e and Bera et al.,3g respectively 
(see also Section 1–5). In reactions catalyzed by these complexes, transformation of organic 
molecules is considered to be facilitated by the cooperative effect of the two metal centers in 
their nuclear cores. Nevertheless, previous examples of 2,7-disubstituted napy ligands used for 
the synthesis of dinuclear complexes were limited only to ones having nitrogen-, oxygen-, or 








Figure 1–5. Examples of 2,7-disubstuted napy ligand precursors 
 
 
1–4  Synthesis of Dinuclear Transition-Metal Complexes with 2,7-Disubtituted 1,8- 
Naphthyridine-Based Supporting Ligands 
 
Representative examples of the synthesis of dinuclear transition-metal complexes having 
2,7-substituted napy ligands with nitrogen-, oxygen-, and carbon-donor coordinating moieties 
are reported by Uyeda et al. (Scheme 1–3),3b Stucky et al. (Scheme 1–4),3i and Bera et al. 









Scheme 1–4. Synthesis of Ru2(dcnp)(OAc)3 
 
 
Scheme 1–5. Synthesis of a diruthenium complex D with a napy-based ligand bearing both 
N-heterocyclic carbene and oxygen-donor coordinating moieties at the 2,7-positions 
 
 
1–5  Organic Reactions Catalyzed by Dinuclear Transition-Metal Complex Bearing 
2,7-Disubstituted 1,8-Naphthyridine Supporting Ligands 
 
On the basis of the cooperative effect of two metal centers in dinuclear transition-metal 
complexes described in Section 1–1, these complexes display distinct catalysis towards 
transformation reactions of organic compounds. As briefly mentioned in Section 1–3, dinuclear 
complexes stabilized by 2,7-disubstituted napy ligands were used as catalysts for organic 
reactions. 
For example, Uyeda et al. reported that a dinickel complex (i-PrNDI)Ni2(C6H6) (B) 
catalyzed hydrosilylation of alkynes (Section 1–1).3a Another example reported by Bera et al. is 
a dehydrogenative coupling reaction between alcohols and amines catalyzed by diruthenium 
complex D to produce imines (Scheme 1–6).3g During this catalytic reaction, dehydrogenation 
of alcohols to give aldehyde is proposed to occur at a reaction site, which can be generated by 
dissociation of the Ru-bound OH group in D. These catalytic processes are considered to be 





Scheme 1–6. Dehydrogenative coupling reaction between alcohols and amines to give imines 
catalyzed by diruthenium complex D 
 
 
1–6  Transition-Metal Silyl Complexes 
 
Since the silyl ligand possesses both strong σ-donating ability and strong trans influence 
possessed,6 transition-metal silyl complexes have an electron-rich metal center and a weakened 
metal–element bond located at the position trans to a silyl silicon. These properties improve the 
reactivity of the metal–silyl complexes and also make these complexes exhibit some specific 
structural features. Accordingly, synthesis of various transition-metal silyl complexes and 
investigation of their structures, reactivity, and catalytic performance are extemely important. 
Transition-metal complexes bearing silyl ligands are generally synthesized by oxidative 
addition of an Si–H bond of hydrosilanes (Scheme 1–7).9a However, metal–silicon bonds are 
typically reactive, and therefore are easily cleaved either through reductive elimination, 
migratory insertion, or nucleophilic substitution.9b This point is a drawback to the use of metal 
silyl complexes as catalysts.  
 
 
Scheme 1–7. Synthesis of metal silyl complexes by Si–H oxidative addition of hydrosilanes  
  
For the purpose of the stabilization of metal–silyl complexes against the above-mentioned 
bond cleavage, multidentate silyl chelate ligands have particularly been developed because 
metal complexes with these ligands can be stabilized by chelate effect. As expected, these silyl 
chelate complexes were found to act as a supporting ligand for transition-metal catalysts in 
various transformations of organosilicon compounds,7 such as hydrosilylation of alkenes and 
8 
 
alkynes.8 A notable example, a mononuclear ruthenium complex E bearing a xanthene-based 
bis(silyl) chelate ligand "xantsil" was synthesized in our group and was found to catalyze an 
unusual ortho-C-H silylation/hydrogenation reaction of internal alkynes with hydrosilanes as 
illustrated in Scheme 1–8.8c  
 
Scheme 1–8. ortho-C–H silylation/hydrogenation of internal alkynes catalyzed by a ruthenium 
bis(silyl) chelate complex E 
 
 
1–7  Silyl–Pyridine Chelate Ligands 
 
Silyl–pyridine ligands contain rigid skeleton(s) that can strongly coordinate to a metal 
center, and some of them have been used as catalysts. For example, Tilley et al. successfully 
synthesized an iridium complex bearing a silyl–bis(quinoline) NSiN-type chelate ligand, i.e. 
(NSiN)Ir(H)(OTf)(coe) (F).9c Complex F was found to effectively catalyze a C–H or C–D 
bond transformation (silylation) reaction of arenes as shown in Scheme 1–9. In this reaction, 
strong σ-donating ability and strong trans influence of the silyl coordinating moiety are 
considered to play significant roles in activation of substrates as explained in Section 1–1. 
 
 
Scheme 1–9. Arene C–H/C–D silylation reaction catalyzed by iridium complex F having a 





1–8  Catalytic Hydrosilylation Reactions 
 
Hydrosilylation reaction is a very useful method for the production of organosilicon 
compounds, and therefore widely used in organic synthesis, polymer chemistry, and material 
science.8d In particular, transition-metal catalyzed hydrosilylation of alkynes as illustrated in 
Scheme 1–10 is a convenient method for the preparation of vinylsilanes that are valuable 
synthetic reagents in organic synthesis. This catalytic reaction is considered to involve insertion 
of alkynes into a metal–hydrogen or metal–silicon bond of reaction intermediates is generally 
considered as a key step in the catalytic system.10 
 
 
Scheme 1–10. Transition-metal-catalyzed hydrosilylation of alkynes  
 
 
1–9  This Work 
In order to expand the study on the design and synthesis of transition-metal complexes 
bearing silyl-containing multidentate ligands in our laboratory,11 I focused on the development 
of an unprecedented napy-based ligand having two silyl ligand moieties in substituents at the 
2,7-positions of napy for the synthesis of dinuclear bis(silyl) complexes. Considering that a 
mononuclear ruthenium complex having an SiNSi-type bis(silyl)–pyridine pincer ligand has 
recently been synthesized by use of bis(hydrosilylmethyl)pyridine as a ligand precursor,11a this 
time, I designed an SiNNSi-type tetradentate ligand precursors, namely  
2,7-bis[(dialkylsilyl)methyl]-1,8-naphthyridine (abbreviated as RNBSi(H)2) (Figure 1–6) for 
synthesizing dinuclear transition-metal complexes G with a bis(silyl) RNBSi ligands. 
 
 




Since the silyl ligand possesses both strong σ-donating ability and strong trans influence 
(see Section 1–6), dimetal cores bearing RNBSi in G would be expected to show some specific 
structural and electronic features caused by weakening of a metal–metal or metal–element 
bond(s) located at the position trans the silyl silicon atoms. In accordance with the bond 
weakening, dinuclear cores in G can easily generate a reaction site on their metal centers for 
accommodation/activation of substrate molecules. Furthermore, the reactivity towards bond 
activation is expected to be enhanced by cooperative effect of two metal centers. As a 
representative reaction system to investigate the catalytic performance of one of the dinuclear 
complexes G, I selected reactions of alkynes with hydrosilanes based on the background 
mentioned in Section 1–8. 
 
1–10  Scope of This Thesis 
This thesis describes synthesis, structures, and catalytic activity of transition-metal 
complexes with a 1,8-naphthyridine-based bis(silyl) supporting ligand (see Figure 1–6). 
In Chapter 2, synthesis of precursors of 1,8-naphthyridine-based bis(silyl) supporting 
ligands (i.e. RNBSi(H)2) is described. A desired napy-based ligand precursor having two silyl 
ligand moieties in substituents at the 2,7-positions, t-BuNBSi(H)2, was obtained in the case of  
R = t-Bu. 
Chapter 3 describes synthesis and structural determination of transition-metal complexes 
obtained from reactions of low valent Ru, Ir, and Re complexes with the ligand precursor 
t-BuNBSi(H)2. 
Chapter 4 describes catalytic activity of a diruthenium complex toward reaction of 
alkynes with hydrosilanes. A diruthenium complex bearing a t-BuNBSi ligand was found to 
catalyze hydrosilylation and semihydrogenation of alkynes. 
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2–1  Introduction 
As described in Chapter 1, preparation of a 1,8-naphthyridine(napy)-based ligand 
precursor 1 bearing (hydrosilyl)methyl groups at the 2,7-positions was needed at the first stage 





As a precursor of 1 (Chart 1), I chose known 2,7-dimethyl-1,8-naphthyridine (E) because 
the 2,7-methyl groups were expected to be silylated after being deprotonated via dilithiation in 
accordance with the previous studies of related reactions of  2,6-dimethylpyridine 
(2,6-lutidine) as follows:1a The formation of dicarbanion by deprotonation of both of the 
methyl groups attached at the 2,6-positions of 2,6-lutidine was known to be easily carried out 
by use of n-butyllithium as reported by Bates and Ogle for the first time (Scheme 2–1).1b 
Furthermore, introduction of silyl groups at the 2,6-positions by the reaction of dilithiated 
lutidine with Me2SiHCl to give 2,6-bis[(dimethylsilyl)methyl]pyridine was also successfully 
performed by Komuro and Tobita as illustrated in Scheme 2–2.1b In the latter reaction, 
N,N,N,N,-tetramethylethylenediamine (TMEDA) was used to increase the basicity of 
n-butyllithium. 
    
 





Scheme 2–2. Synthesis of 2,6-bis[(dimethylsilyl)methyl]pyridine1b 
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Several conventional methods for the preparation of E have been developed. Especially, 
one of the mostly-used methods is the condensation of 6-methyl-2-aminopyridine with 
crotonaldehyde promoted by the “sulfo-mix” reagent (i.e. a mixture of 20% oleum and 
nitrobenzene) as reported by Good for the first time (Scheme 2–2).2a Furthermore, Fox et al. 
improved this synthetic method by use of 30% oleum instead of 20% one and changing the 
order of addition of the reagents.2b However, in this study, I considered the way to avoid the 
use of oleum, which is known as a commonly hazardous material, for the purpose of ensuring 
the safety on the preparation of E. On the other hand, Tzimos et al. developed an alternative 
synthetic method for E via four-step reactions from 6-methyl-2-aminopyridine involving a 
thermal reaction under relatively harsh conditions (i.e. very high temperature (350 °C)),2c and 
this method was then improved by He and Lippard, but, the improved one also involved a 
hydrogenation under high pressure (4–6 atm of H2).2d A safer method for the synthesis of E 
was recently developed by Nishiwaki et al. 2e However, this method consists of three-step 
reactions from an expensive starting material, i.e. pyridinium salt of nitroisoxazolone. 
 
 




Scheme 2–4. Synthesis E from pyridinium salt of nitroisoxazolone (F) 
  
By taking account of both practical safety and operational cost, I designed a new synthetic 
route to E via five-step reactions starting from easily-available 2-aminopyridine as illustrated 
in Scheme 2–5. This synthetic route is the combination of three reported routes,3a-5 i.e. route (1) 
from 2-aminopyridine to 2-amino-3-formylpyridine (C) via intermediates 
2,2-dimethyl-N-(2’-pyridyl)propanamide (A) and 
16 
 
2-[(2’,2’-dimethylpropanoyl)amino]-3-formylpyridine (B),3a route (2) from C to 
2-methyl-1,8-naphthyridine (D),4 and route (3) from D to target compound E (Scheme 2–4).5  
 
 
Scheme 2–5. Newly-designed synthetic route to 2,7-dimethyl-1,8-naphthyridine (E) 
 
In the next stage, dilithiation of E was expected to be easily achieved by n-BuLi because 
the napy -system can possibly stabilize the dilithiated species of E effectifely by 
delocalization of the negative charge. As related work, Goswami et al. have reported some 
reactions via monolithiation of E by n-BuLi.7 In my study, (t-Bu)2SiHCl and (i-Pr)2SiHCl were 
planned to be used as the coupling counterparts (Scheme 2–6) to synthesize the target ligand 
precursors 1. This chapter describes details of experimental results of the synthesis of 1. 
 
 






2–2  Experimental Section 
General procedures 
All reactions were carried out under dry nitrogen using standard Schlenk techniques unless 
otherwise indicated. Dry tetrahydrofuran was obtained from a solvent purification system 
(Nikko Hansen & Co., Ltd.). n-Butyllithium (a hexane solution), (t-Bu)2SiHCl, and 
(i-Pr)2SiHCl were purchased from chemical companies and used without further purification. 
1H, 13C{1H}, and 29Si{1H} NMR were recorded on a Bruker AVANCE III 400 spectrometer. 1H 
and 13C NMR chemical shifts were referenced to the residual proton and carbon resonances of 
deuterated solvents, respectively, i.e. 7.24 (1H) and 77.0 (13C) ppm for CDCl3. 29Si{1H} NMR 
chemical shifts were referenced to SiMe4 (0 ppm) as an external standard. 29Si{1H} NMR 
measurements were performed using an IG or DEPT pulse sequence. Chemical shifts of 1H 
NMR signals are reported with the following classifications: integration, multiplicities (s = 
singlet, d = doublet, dd = doublet of doublets, dt = doublet of triplets, t = triplet, q = quartet, m 
= multiplets, and br = broadened), and coupling constants (in Hz). IR spectra were recorded on 
a Horiba FT-720 infrared spectrometer at room temperature. UV-visible absorption spectra 
were measured using a Shimadzu MultiSpec-1500 spectrometer at room temperature. 
High-resolution mass spectra (HRMS) were recorded on a Bruker Daltonics solariX 9.4T 
spectrometer operating in the electrospray ionization (ESI) mode. Elemental analyses were 
carried out using a J-Science Lab JM11 microanalyzer. Measurement of elemental analysis and 
HRMS were performed at the Research and Analytical Center for Giant Molecules, Tohoku 
University. Flash chromatography was carried out employing neutral silica gel 60 N (spherical, 
40–50 μm, Kanto Chemical Co.), while analytical thin-layer chromatography (TLC) was 
performed on a glass TLC plate coated with silica gel 60 F254 (neutral, Merck KGaA). 
 
Preparation of 2,7-dimethyl-1,8-naphthyridine (E), the precursor of 1a and 1b 
Known compound E was prepared from 2-aminopyridine by five step reactions as 
illustrated in Section 2–3–1. This newly-designed synthetic route for E is the combination of 
three reported routes,3–6 i.e. route (1) from 2-aminopyridine to 2-amino-3-formylpyridine (C) 
via intermediates 2,2-dimethyl-N-(2’-pyridyl)propanamide (A) and 
2-[(2,2-dimethylpropanoyl)amino]-3-formylpyridine (B),3a route (2) from C to 







2–2–1  Synthesis of 2,7-bis[(di-tert-butylsilyl)methyl]-1,8-naphthyridine (t-BuNBSi(H)2) 
(1a) 
 
2,7-Dimethyl-1,8-naphthyridine (E) (500 mg, 3.16 mmol) was dissolved in dry THF (15 
mL) in a two-necked round-bottomed flask to give a clear yellow solution followed by stirring 
and cooling to –78 °C with an acetone/liquid nitrogen cooling bath. To the solution of 1 was 
added dropwise 4.4 mL of an n-butyllithium solution (1.58 M in hexane, 7.0 mmol; 2.2 equiv.) 
at –78 °C. A red solution was immediately formed by lithiation of E.7 Stirring at –78 °C was 
continued for 45 min after the addition of n-BuLi. Subsequently, the solution of lithiated E was 
added dropwise via syringe to a pre-cooled solution of (t-Bu)2SiHCl (1.6 mL, d = 0.884 g mL–1, 
7.9 mmol; 2.5 equiv.) in THF (15 mL) at –78 °C to give an orange solution. Soon after the 
addition was completed, the cooling bath was removed, and then the reaction mixture was 
heated at 55 °C for about 5 min with an oil bath giving a deep orange solution. The oil bath 
was then removed from the flask, and the reaction mixture was allowed to cool to room 
temperature with stirring. After 45 min, the reaction was quenched by carefully pouring the 
reaction mixture into ice-cold water, and the organic layer was separated and collected using a 
separating funnel. The aqueous layer was extracted with Et2O three times, and the extracts 
were combined with the first organic layer. The combined organic fraction was dried over 
MgSO4, filtered, and evaporated under reduced pressure to give a red-orange solid. This crude 
solid was purified by silica gel flash chromatography using a mixture of ethyl acetate/hexane 
(1 : 10) as an eluent to give 1.23 g (2.78 mmol, 88%) of the title ligand precursor 1a as a 
yellow powder. 
 
Characterization data for 2,7-bis[(di-tert-butylsilyl)methyl]-1,8-naphthyridine (1a) 
 
1H NMR (400 MHz, ca 298 K, CDCl3) δ 7.83 (d, 2H, 3JHH = 8.3 Hz, 4,5-napyH), 7.20 (d, 2H, 
3JHH = 8.3 Hz, 3,6-napyH), 3.63 (t with satellites, 2H, 3JHH = 3.6 Hz, 1JSiH = 183 Hz, Si–H), 
2.73 (d, 4H, 3JHH = 3.6 Hz, SiCH2), 0.96 (s, 36H, Si(t-Bu)2); 13C{1H} NMR (101 MHz, ca 298, 
K CDCl3) δ 166.0 (napyC), 155.8 (napyC), 135.7 (napyC), 121.6 (napyC), 117.3 (napyC), 28.7 
(C(CH3)3), 24.2 (SiCH2), 19.4 (C(CH3)3) (Assignment of signals were confirmed by 1H–13C 
HMBC and 1H–13C HSQC spectra.); 29Si{1H} NMR (79.5 MHz, ca 298 K, IG, CDCl3): δ 14.6; 
IR (KBr pellet): 2960 (m, vCH), 2927 (s, vCH), 2889 (m, vCH), 2856 (s, vCH), 2117 (m, vSiH), 1604 
(s, vC=C), 1539 (w), 1504 (s, vC=N), 1469 (m), 1242 (m, δSiC), 1147 (m), 1012 (w), 858 (m, vSiC), 
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847 (m), 829 (m), 798 (m), 694 (m), 617 (w) cm–1; HRMS (ESI, positive): calcd. for 
[12C261H4714N228Si2]+ ([M + H]+): m/z 443.3272, found: 443.3272; Elem. Anal.: calcd. for 
C26H46N2Si2: C, 70.52; H, 10.47; N, 6.33; found: C, 70.32; H, 10.61; N, 6.20. 
 
2–2–2  Synthesis of 2-[bis(diisopropylsilyl)methyl]-7-methyl-1,8-naphthyridine (1b) 
In a manner analogous to that for the above-mentioned synthesis of ligand precursor 1a, a 
solution of E (50 mg, 0.32 mmol) in dry THF (3 mL) was prepared in a two-necked 
round-bottom flask and lithiated with 0.4 mL of n-BuLi (1.58 M in hexane, 0.70 mmol; 2 
equiv.) at –78 oC. After being stirred for 45 min at –78 oC, the reaction mixture was added 
dropwise to a pre-cooled solution of (i-Pr)2SiHCl (0.1 mL, d = 0.890 g mL–1, 0.80 mmol; 3 
equiv.,) in THF (3 mL) via syringe at –78 oC to give an orange solution. The cooling bath was 
removed soon after the addition was completed, and then the reaction mixture was heated at 55 
oC for about 5 min with an oil bath to give a deep orange solution. After being cooled to room 
temperature, the reaction mixture was stirred for additional 45 min at room temperature. The 
reaction was quenched by careful pouring of the reaction mixture into cold water, and the 
organic layer was separated and collected using a separatory funnel. The aqueous layer was 
extracted with Et2O three times, and the extracts were combined with the first organic layer. 
The combined organic layer was dried over MgSO4, filtered, and evaporated under reduced 
pressure to give a red-orange solid. This crude solid was purified by silica gel column 
chromatography using a mixture of ethyl acetate/hexane (1 : 10) as an eluent to give 98 mg 
(0.25 mmol, 79%) of the ligand precursor 1b as a yellow powder. 
 
Characterization data for 2-[bis(di-isopropylsilyl)methyl]-7-methyl-1,8-naphthyridine 
(1b) 
 
1H NMR (400 MHz, ca 298 K, CDCl3) δ 7.91 (d, 1H, 3JHH = 8.1 Hz, napyH), 7.86 (d, 1H, 3JHH 
= 8.3 Hz, napyH), 7.24 (d, 1H, 3JHH = 8.3 Hz, napyH), 7.20 (d, 1H, 3JHH = 8.1 Hz, napyH), 
3.94 (dt with satellites, 2H, 3JHH = 3.6 Hz, 3JHH = 2.0 Hz, 1JSiH = 184 Hz, Si–H), 2.77 (t, 1H, 
3JHH = 3.6 Hz, HSiCH2), 2.75 (s, 3H, CH3), 1.16-1.09 (m, 4H, SiCH(CH3)2), 1.08 (d, 6H, 3JHH 
= 6.8 Hz, SiCH(CH3)(CH3)), 1.04 (d, 6H, 3JHH = 6.8 Hz, SiCH(CH3)(CH3)), 1.00 (d, 6H, 3JHH 
= 7.4 Hz, SiCH(CH3)(CH3)), 0.78 (d, 6H, 3JHH = 7.4 Hz, SiCH(CH3)(CH3)); 13C{1H} NMR 
(101 MHz, ca 298 K, CDCl3) δ 167.4 (napyC), 162.4 (napyC), 155.9 (napyC), 136.2 (napyC), 
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135.6 (napyC), 122.8 (napyC), 121.3 (napyC), 117.6 (napyC), 25.7 (Si2CH–napy or CH3–napy), 
23.7 (Si2CH–napy or CH3–napy), 20.0 (SiCH(CH3)(CH3)), 19.4 (SiCH(CH3)(CH3)), 18.9 
(SiCH(CH3)(CH3)), 18.7 (SiCH(CH3)(CH3)), 11.6 (SiCH(CH3)(CH3)); 11.2 
(SiCH(CH3)(CH3)); 29Si{1H} NMR (79.5 MHz, ca 298 K, IG, CDCl3): δ 5.34; IR (KBr pellet): 
3008 (w, vCH), 2960 (m, vCH), 2927 (m, vCH), 2891 (w, vCH), 2854 (m, vCH), 2112 (m, vSiH), 1606 
(s, vC=C), 1541 (w), 1508 (s, vC=N), 1469 (m), 1241 (m, δSiC), 1143 (m), 1009 (w), 860 (m, vSiC), 
848 (m), 827 (m), 795 (m), 697 (m), 617 (w) cm–1. HRMS (ESI, positive): calcd. for 
[12C221H3914N228Si2]+ ([M + H]+): m/z 387.2646, found: 387.2646; Elem. Anal.: calcd. for 































2–3  Results and Discussion 
2–3–1  Synthesis of 2,7-dimethyl-1,8-naphthyridine (E) 
Before the synthesis of 1,8-naphthyridine-based bis(silyl) ligand precursors, 
2,7-dimethyl-1,8-naphthyridine (E) was prepared by five-step reactions as illustrated in 
Scheme 2–7. I designed this synthetic route to avoid using hazardous reagents or dangerous 
reaction conditions. To the best of my knowledge, this is a new synthetic route consisting of 
the combination of three reported routes starting from easily-available 2-aminopyridine, i.e. 
route (1) from 2-aminopyridine to C, route (2) from C to D, and route (3) from D to E. 
 
 
Scheme 2–7. Synthetic route of 2,7-dimethyl-1,8-naphthyridine (E). Conditions: (i) pivaloyl 
chloride, Et3N, 0 °C, 15 min then r.t., 2 h; (ii) (1) n-BuLi, –78 °C then r.t., 2 h; (2) DMF, –
78 °C then r.t., 1 h; (iii) 3 N HCl, reflux, 8 h; (iv) (1) acetone, reflux 5 min; (2) KOH/MeOH 
(sat’d), reflux, 20 h; (v) (1) MeLi, –60 °C, 2 h then r.t., 2 h; (2) KMnO4/acetone, r.t., 5 min. 
 
The first step of this synthetic route is protection of the amino group of 2-aminopyridine 
with pivaloyl chloride (step (i)), followed by functionalization with a formyl group by 
deprotonation with n-butyllithium and subsequent coupling with DMF in the second step (step 
(ii)). In the third step, the protecting group of B is removed by acidification using hydrochloric 
acid to give C (step (iii)). 2-Methyl-1,8-naphthyridine (D) was then obtained through addition 
of acetone to C followed by cyclization and aromatization in the presence of a catalytic amount 
of potassium hydroxide in methanol (step (iv)). The final step (step (v)) involves methylation 






2–3–2  Synthesis of 2,7-bis[(di-tert-butylsilyl)methyl]-1,8-naphthyridine (t-BuNBSi(H)2) 
(1a) 
 
The ligand precursor 2,7-bis[(di-tert-butylsilyl)methyl]-1,8-naphthyridine (t-BuNBSi(H)2, 
1a) was synthesized by dilithiation of the methyl groups of E with n-butyllithium (2.2 equiv.) 




Scheme 2–8. Synthesis of a ligand precursor t-BuNBSi(H)2 (1a) 
 
Compound 1a was characterized by 1H, 13C{1H}, 29Si{1H} NMR, IR, and mass 
spectroscopy as well as elemental analysis. In the 1H NMR spectrum of 1a (Figure 2–1(a)), 
only two doublet signals for 1,8-naphthyridine ring protons are observed at 7.83 and 7.20 ppm, 
and an SiH proton signal appears as a triplet at 3.63 ppm (3JHH = 3.6 Hz) due to the coupling 
with two methylene protons (2.73 ppm, doublet). In addition, one strong singlet signal of the 
tert-butyl groups was observed at 0.96 ppm, indicating that the four tert-butyl groups are 
equivalent. The 13C{1H} NMR spectrum of 1a (Figure 2–1(b)) shows five 13C signals of the 
naphthyridine carbons in the range from 165.9 to 117.3 ppm, which is consistent with the 
structure of 1a. Primary and quaternary carbon signals of the tert-butyl groups were observed 
at 28.7 and 19.4 ppm, respectively, while a methylene carbon signal appeared at 24.2 ppm. A 
single signal of silicon appears at 14.5 ppm in the 29Si{1H} NMR spectrum (Figure 2–2). These 
observations suggest that compound 1a adopts a C2v-symmetric structure in solution. Some 
characteristic absorption bands appear in the IR spectrum of 1a (Figure 2–3), including a band 
for stretching vibration of the silicon–hydrogen bond at 2117 cm–1. 
Compound 1a is the first example of a 1,8-naphthyridine-based ligand precursor bearing 

















Figure 2–2. 29Si{1H} NMR spectrum of 1a in CDCl3 (IG). 
 
 








2–3–3  Synthesis of 2-[bis(diisopropylsilyl)methyl]-7-methyl-1,8-naphthyridine (1b) 
A silylation reaction for the synthesis of a compound analogous to 1a by lithiation of E 
and subsequent treatment with (i-Pr)2SiHCl was examined (Scheme 2–7) by a procedure 
similar to that for 1a in Scheme 2–9. However, this reaction gave the title compound 1b via 
double silylation at one methyl group of E, and the initially expected 
2,7-bis[(hydrosilyl)methyl]-substituted product 1b' was not detected. 
 
 
Scheme 2–9. Synthesis of ligand precursor 1b 
 
Compound 1b was characterized by spectroscopy (NMR, IR, MS) and elemental analysis. 
In the 1H NMR spectrum of 1b (Figure 2–5(a)), its unsymmetrical structure in comparison with 
1a was revealed based on the observation of four inequivalent doublet signals of the aromatic 
protons at 7.91, 7.86, 7.24, and 7.20 ppm. In addition, two signals assignable to the protons of 
the methyne and methyl groups bound to the naphthyridine skeleton appear at 2.77 ppm as a 
triplet (3JHH = 3.6 Hz) and 2.75 ppm as a singlet, respectively. The splitting of the former signal 
is due to the coupling with two adjacent Si–H protons. The Si–H signal appears at 3.94 ppm as 
doublet of triplets due to the coupling with a proton of the methyne bound to napy and that 
with methyne protons of two i-Pr groups. The 1H signals in the range from 1.15 to 0.79 ppm 
are assignable to the isopropyl hydrogens. The 13C{1H} NMR spectrum of 1b (Figure 2–5(b)) 
shows eight signals of naphthyridine carbons in the range from 167.4 to 117.6 ppm. The 
29Si{1H} NMR signal of 1b (Figure 2–8) appears at 5.3 ppm, which is slightly downfield 
shifted in comparison with that of 1a (14.5 ppm). The IR spectrum of 1b (Figure 2–7) shows a 















Figure 2–6. 29Si{1H} NMR spectrum of 1b in CDCl3 (DEPT). 
 
 





In this reaction, two silyl groups were introduced at the same carbon bound to the napy 
ring instead of two different carbons. This can be explained by steric and electronic effects 
considering a possible formation mechanism of 1b as illustrated in Scheme 2–10. In this 
mechanism, dilithiated napy derivative E which is generated by treatment of E with n-BuLi 
reacts with chlorosilane R2SiHCl (R = i-Pr, t-Bu) to give monosilylated intermediate G via salt 
elimination. The carbanion center of monosilylated intermediate G can move to the 
silyl-substituted carbon to give isomer G', where G' is stabilized by -effect of silicon and 
exists as major species, as reported by Whitmore for the first time.8 This migration of the 
anionic center, i.e. the lithium ion, are considered to occur intermolecularly, and G and G’ are 
in equilibrium. Intermediate G' then reacts with (i-Pr)2SiHCl to give product 1b. In contrast, 
when (t-Bu)2SiHCl is used, G' cannot react with the second (t-Bu)2SiHCl bearing bulkier 
tert-butyl substituents due to significant steric repulsion between the substituents R (= t-Bu) of 
G’ and the chlorosilane. Accordingly, when R = t-Bu, only minor isomer G is considered to 
react with the chlorosilane to give a target ligand precursor t-BuNBSi(H)2 (1a). 
 
 
Scheme 2–10. A possible formation mechanism of bis-silylated 1a and 1b via rearrangement of 








2–4  Conclusion 
As described in this chapter, the first example of a 1,8-naphthyridine-based ligand 
precursor bearing (hydrosilyl)methyl groups at the 2,7-positions, i.e. t-BuNBSi(H)2 (1a), was 
successfully synthesized by six-step reactions from 2-aminopyridine. On the other hand, when 
a silyl group with less bulky isopropyl substituents was used, compound 1b bearing a 
bis(hydrosilyl)methyl group at the 2-position of the 1,8-naphthyridine ring was obtained 







In the next chapter, I will describe the use of 1a as a ligand precursor for the synthesis of 
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Synthesis and Structures of Transition-Metal Complexes with   






























3–1  Introduction 
Transition-metal complexes bearing silyl ligands are generally synthesized by a thermal or 
photochemical reaction of a low-valent transition-metal complex with hydrosilane as a ligand 
precursor via Si–H oxidative addition. As a representative example, Braunstein et al. reported 
synthesis of dinuclear silylruthenium complexes, i.e. trans-[Ru2(CO)8{SiMe2(OEt)}2] and 
trans-[Ru2(CO)8{Si(OSiMe3)3}2], by reactions of Ru3(CO)12 with alkoxy- or siloxy-substituted 
hydrosilanes under reflux or photoirradiation, as illustrated in Scheme 3–1.1 
 
 
Scheme 3–1. Synthesis of silylruthenium complexes trans-[Ru2(CO)8{SiMe2(OEt)}2] and 
trans-[Ru2(CO)8{Si(OSiMe3)3}2] 
 
In our group, synthesis of transition-metal complexes bearing a silyl-containing 
multidentate ligand has been developed: examples of these complexes are cis-Ru(xantsil) 
(CO)4 (Scheme 3–2)2a and Ru{κ4(Si,H,O,P)-(t-Bu)2xantSiP(H)}(H)Cl(PPh3) (Scheme 3–3).2b 
In both cases, the reactions took place by simply mixing a transition metal complex and a 
ligand precursor in a proper solvent under heating. 
 
 






Scheme 3–3. Synthesis of Ru{κ4(Si,H,O,P)-(t-Bu)2xantSiP(H)}(H)Cl(PPh3) 
 
Recently, Komuro and Tobita reported synthesis of a mononuclear ruthenium complex 
bearing a pyridine-based bis(silyl) ligand, i.e. Ru{κ3(Si,N,Si)-2,6-(Me2SiCH2)2C5H3N}(CO)3, by 
a reaction of Ru3(CO)12 with 3 equiv. of 2,6-bis[(dimethylsilyl)methyl]pyridine in hexane under 
reflux for 15 h as illustrated in Scheme 3–4.3a This complex is an example of a mononuclear 
analogue of my target dinuclear transition-metal complexes with a 1,8-naphthyridine-based bis(silyl) 
ligand. Similarly, I also expected that a dirhenium complex Re2(CO)10, a low valent rhenium 
carbonyl complex can be used as a precursor for this synthesis by treatment with the precursor of the 
1,8-naphthyridine-based bis(sily) ligand 1a. 
 
 
Scheme 3–4. Synthesis of Ru{κ3Si,N,Si, -2,6-(Me2SiCH2)2C5H3N}(CO)3 
 
In our group, synthesis of a mononuclear iridium complex with a silyl–pyridine–amine 
complex ligand, i.e. Ir(SiNN)(H)Cl, was also achieved by a reaction of [IrCl(coe)2]2 with 2 equiv. of 
a ligand precursor SiNN(H) in toluene at 60 °C (Scheme 3–5).3b By applying the conditions of this 
reaction, an analogous diiridium complex would be expected to be obtained from a reaction of 
[IrCl(coe)2]2 with a 1,8-naphthyridine-based bis(silyl) ligand precursor 1a.  
 
 
Scheme 3–5. Synthesis of Ir(SiNN)(H)Cl 
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On the basis of the aforementioned backgrounds, I examined reactions of Ru3(CO)12, 
Re2(CO)10, and [IrCl(coe)2]2 with ligand precursor 1a to synthesize target dinuclear complexes in 
this study (see eq. 3–1). This chapter describes details of experimental results of the synthesis 























3–2  Experimental Section 
General procedures 
All reactions were carried out under dry nitrogen or argon atmosphere using standard 
Schlenk techniques or in a glovebox unless otherwise indicated. Toluene, benzene, and 
benzene-d6 (C6D6) for reaction solvents were dried over calcium hydride, degassed through 
three freeze-pump-thaw cycles, and then stored over 4 Å molecular sieves in a glovebox. 
Ru3(CO)12 and Re2(CO)10 were purchased from chemical companies and used without further 
purification. [IrCl(coe)2]2 was prepared according to the reported procedure,4 and then stored in 
a glovebox. The ligand precursor t-BuNBSi(H)2 (1a) was prepared by th method described in 
Chapter 2. 1H, 13C{1H}, and 29Si{1H} NMR were recorded on a Bruker AVANCE III 400 
spectrometer. 1H and 13C NMR chemical shifts were referenced to the residual proton and 
carbon resonances of deuterated solvents, respectively; i.e. 7.24 (1H) and 77.0 (13C) ppm for 
CDCl3, 5.32 (1H) and 53.8 (13C) ppm for CD2Cl2, and 7.15 (1H) and 128.0 (13C) ppm for C6D6. 
Chemical shifts of 1H NMR signals are reported with the following classifications: integration, 
multiplicities (s = singlet, d = doublet, dd = doublet of doublets, dt = doublet of triplets, t = 
triplet, q = quartet, m = multiplets, and br = broadened), and coupling constants (in Hz). 
29Si{1H} NMR chemical shifts were referenced to SiMe4 (0 ppm) as an external standard. 
29Si{1H} NMR measurements were performed using an inverse gate decoupling (IG) pulse 
sequence. IR spectra were recorded on a Horiba FT-720 infrared spectrometer at room 
temperature. UV-visible absorption spectra were measured using a Shimadzu MultiSpec-1500 
spectrometer at room temperature. High-resolution mass spectra (HRMS) were recorded on a 
Bruker Daltonics solariX 9.4T spectrometer operating in the electrospray ionization (ESI) 
mode. Elemental analysis was carried out using a J-Science Lab JM11 microanalyzer. 
Measurement of HRMS and elemental analysis were performed at the Research and Analytical 
Center for Giant Molecules, Tohoku University. Flash chromatography was carried out 
employing neutral silica gel 60 N (spherical, 40–50 μm, Kanto Chemical Co.), while analytical 
thin-layer chromatography (TLC) was performed on a glass TLC plate coated with silica gel 60 
F254 (neutral, Merck KGaA). Photochemical reaction was performed using an Ushio 450 W 
medium pressure mercury lamp. In all cases, reaction progress was monitored by TLC. 
 
3–2–1  Synthesis of (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) 
Compounds t-BuNBSi(H)2 (1a) (100 mg, 0.226 mmol) and Ru3(CO)12 (96 mg, 0.15 mmol; 
2/3 equiv.) were mixed in 15 mL of toluene in a round-bottomed Schlenk flask. The flask was 
purged with N2 gas and was closed with a glass cap. The mixture was then heated and stirred at 
90 °C for 18 h. Every 1.5 h during the heating, the cap of the flask was periodically opened, 
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and the flask was purged with N2 gas and then closed in order to release CO gas produced by 
the reaction. After the heating, the reaction mixture was cooled to room temperature and 
evaporated in vacuo. The residue was purified by silica gel flash chromatography using 
dichloromethane/hexane (1 : 5) as an eluent, giving 53 mg of the title diruthenium complex 2 
(0.070 mmol, 31%) as an orange powder. 
 
Characterization data for (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) 
 
1H NMR (400 MHz, ca 298 K, C6D6) δ 6.82 (d, 2H, 3JHH = 8.2 Hz, napyH), 6.74 (d, 2H, 3JHH = 
8.2 Hz, napyH), 2.72 (d, 2H, 2JHH = 17.2 Hz, SiCH2), 2.66 (d, 2H, 2JHH = 17.2 Hz, SiCH2), 1.41 
(s, 18H, Si(t-Bu)), 0.99 (s, 18H, Si(t-Bu)), –6.21 (s, 2H, Ru–H–Ru); 13C{1H} NMR (101 MHz, 
ca 298 K, CD2Cl2) δ 205.0 (CO), 201.6 (CO), 177.3 (napyC), 157.6 (napyC), 138.8 (napyC), 
124.4 (napyC), 121.0 (napyC), 37.9 (SiCH2), 31.1 (C(CH3)3), 29.3 (C(CH3)3), 24.4 (C(CH3)3), 
23.2 (C(CH3)3); 29Si{1H} NMR (79.5 MHz, ca 298 K, IG, C6D6): δ 73.8; IR (KBr pellet): 2970 
(w, vCH), 2933 (w, vCH), 2885 (w, vCH), 2850 (m, vCH), 2013 (m, vCO), 1990 (s, vCO), 1944 (s, 
vCO), 1927 (m, vCO), 1616 (w, vC=C), 1601 (w, vC=C), 1514 (w, vC=N), 1473 (w), 1296 (w), 1257 
(w, δSiC), 1155 (w), 1009 (w), 856 (w, vSiC), 816 (m), 725 (w), 615 (w), 569 (w) cm–1; HRMS 
(ESI, positive): calcd. for C30H46N2O4NaSi2Ru2 ([M + Na]+): m/z 781.0975, found: 781.0976 
(NaI was added to the sample.); Elem. Anal.: calcd. for C30H46N2O4Si2Ru2: C, 47.60; H, 6.12; 
N, 3.70; found: C, 47.72; H, 6.20; N, 3.76; UV-vis (c = 0.41 mM, CH2Cl2): max (nm) ( (M–1 
cm–1)) 320 (6.2  103), 333sh (6.1  103), 350sh (4.6  103). 
 
3–2–2  Synthesis of (t-BuNBSi)Ru2(CO)6 (3) 
Complex 2 (50 mg, 0.066 mmol) was dissolved in 50 mL of benzene in a Pyrex glass tube 
(30 mm) with a J. Young Teflon valve. The resulting yellow solution was degassed by three 
freeze-pump-thaw cycles, and then the tube was filled with Ar gas (1 atm). The solution was 
irradiated with a 450 W medium pressure mercury lamp at 7 °C for 20 h. Every 2.5 h during 
the irradiation, the reaction mixture was degassed by two freeze-pump-thaw cycles, and finally 
the tube was filled with Ar gas. The color of the solution gradually changed from yellow to 
37 
 
brown. The resulting reaction mixture was then filtered in a glove box, and an insoluble solid 
was washed with toluene. The filtrate and the washings were combined and evaporated to give 
a dark brown residue. After washing the residue with hexane followed by completely removing 
the remaining solvent under vacuum, 25 mg (0.031 mmol, 47%) of diruthenium complex 3 was 
obtained as a dark brown powder. 
 
Characterization data for (t-BuNBSi)Ru2(CO)6 (3) 
 
1H NMR (400 MHz, ca 298 K, C6D6) δ 6.58 (d, 2H, 3JHH = 8.3 Hz, napyH), 6.51 (d, 2H, 3JHH = 
8.3 Hz, napyH), 2.80 (s, 4H, SiCH2), 1.14 (s, 36H, Si(t-Bu); 13C{1H} NMR (101 MHz, ca 298 
K, C6D6) δ 226.3 (CO), 207.7 (CO), 179.1 (napyC), 159.7 (napyC), 137.3 (napyC), 122.4 
(napyC), 119.4 (napyC), 39.7 (SiCH2), 30.5 (C(CH3)3), 26.7 (C(CH3)3); 29Si{1H} NMR (79.5 
MHz, ca 298 K, IG, C6D6): δ 102.3; IR (KBr pellet): 2974 (w, vCH), 2931 (w, vCH), 2887 (w, 
vCH), 2852 (m, vCH), 2050 (s, vCO), 2011 (w, vCO), 1986 (vs, vCO), 1973 (vs, vCO), 1954 (vs, vCO), 
1927 (s, vCO), 1597 (w, vC=C), 1514 (m, vC=N), 1473 (w), 1296 (w), 1254 (w, δSiC), 1151 (w), 
1078 (w), 1009 (w), 852 (w, vSiC), 814 (m), 746 (w), 615 (m), 604 (m), 579 (m), 559 (w) cm–1; 
HRMS (ESI, positive): calcd. for [C32H44N2O6Si2Ru2]+ ([M]+): m/z 812.0819, found: 812.0821; 
Elem. Anal.: calcd. for C32H44N2O6Si2Ru2: C, 47.39; H, 5.47; N, 3.45; found: 47.20; H, 5.78; N, 
3.56; UV-vis (c = 0.29 mM, CH2Cl2): max (nm) ( (M–1 cm–1)) 288sh (6.5  103), 330     
(9.8  103), 483 (1.0  103), 717 (2.0  102). 
 
3–2–3 NMR monitoring of photoreaction of (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) in C6D6 under 
Ar atmosphere 
 
In an argon-filled glovebox, a Pyrex NMR tube (5 mm o.d.) with a J. Young Teflon valve 
was charged with 2 (0.6 mg, 0.8 mol) and hexamethylbenzene (< 1 mg, an internal standard), 
and then they were dissolved in C6D6 (0.6 mL). The solution was irradiated with a 450 W 
medium pressure mercury lamp at 8 °C. The reaction was monitored by 1H NMR spectroscopy. 
After irradiation for 20 h in total, complex 2 was consumed completely, and 
(hexacarbonyl)diruthenium complex 3 was formed in 52% NMR yield. The product 3 was 
38 
 
identified by comparison of its 1H and 29Si{1H} NMR data with those of the isolated sample 
described in Section 3–2–2. 
 
3–2–4 NMR monitoring of photoreaction of (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) in C6D6 under 
CO atmosphere 
 
According to a procedure analogous to that for the above-mentioned NMR monitoring of 
photoreaction of 2 under Ar atmosphere (Section 3–2–3), a solution of 2 (0.6 mg, 0.8 mol) in 
C6D6 (0.6 mL) was prepared. After the solution was degassed with three freeze-pump-thaw 
cycles, the tube was finally filled with CO (1 atm), and then the solution was irradiated with a 
450 W medium pressure mercury lamp at 7 °C. After irradiation for 1 h, 2 was consumed 
completely, and complex 3 was formed in 62% NMR yield. The product 3 was identified by 
comparison of its 1H and 29Si{1H} NMR data with those of the isolated sample described in 
Section 3–2–2. 
 
3–2–5  Synthesis of [t-BuNBSi(H)]Re(CO)4 (4) 
Compound 1a (75 mg, 0.17 mmol) and Re2(CO)10 (111 mg, 0.170; 1.0 equiv.) were mixed 
in 75 mL of toluene in a Pyrex glass tube (30 mm) with a J. Young Teflon valve. The 
suspension was degassed by three freeze-pump-thaw cycles, and then was irradiated with a 450 
W medium pressure mercury lamp at 7 °C for 2.5 h. Every 1 h during the irradiation, the 
reaction mixture was degassed by two freeze-pump-thaw cycles. The color of the solution 
gradually changed from pale yellow to dark brown. The resulting reaction mixture was then 
evaporated in vacuo, and then the residue was purified by silica gel flash chromatography 
using hexane as an eluent. The title monorhenium complex 4 (70 mg, 0.095 mmol, 56%) was 
obtained as a yellow powder. 
 
Characterization data for [t-BuNBSi(H)]Re(CO)4 (4) 
  
1H NMR (400 MHz, ca. 298 K, CDCl3) δ 7.94 (d, 1H, 3JHH = 8.2 Hz, napyH), 7.88 (d, 1H, 3JHH 
= 8.2 Hz, napyH), 7.56 (d, 1H, 3JHH = 8.2 Hz, napyH), 7.35 (d, 1H, 3JHH = 8.2 Hz, napyH), 
3.84 (t, 1H, 3JHH = 3.8 Hz, Si–H), 3.10 (s, 2H, ReSiCH2), 2.87 (d, 1H, 3JHH = 3.8 Hz, HSiCH2), 
1.01 (s, 18H, (t-Bu)2), 1.00 (s, 18H, (t-Bu)2); 13C{1H} NMR (101 MHz, ca. 298 K, CD2Cl2) δ 
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198.9 (CO), 197.4 (CO), 191.8 (CO), 179.7 (napyC), 168.1 (napyC), 155.6 (napyC), 138.5 
(napyC), 137.2 (napyC), 123.6 (napyC), 123.5 (napyC), 118.1 (napyC), 41.8 (ReSiCH2), 30.8 
(C(CH3)3), 28.9 (C(CH3)3), 25.3 (HSiCH2), 23.4 (C(CH3)3), 19.7 (C(CH3)3); 29Si{1H} NMR 
(79.5 MHz, ca. 298 K, IG, CD2Cl2): δ 68.3 (Re–Si), 14.5 (H–Si). IR (KBr pellet): 2967 (w, 
vCH), 2929 (w, vCH), 2885 (w, vCH), 2854 (w, vCH), 2065 (m, vSiH), 1965 (s, vCO), 1949 (vs, vCO), 
1921 (vs, vCO), 1601 (w, vC=C), 1508 (w, vC=N), 1468 (w), 1298 (w), 1247 (w, δSiC), 1155 (w), 
1088 (w), 1012 (w), 937 (w), 852 (w, vSiC), 806 (m, vSiC), 700 (w), 607 (w) cm–1; HRMS (ESI, 
positive): calcd. for [C30H45N2O4Si2ClRe]+ ([M + Cl]+): m/z 775.2164, found: 775.2159 (The 
Cl atom possibly comes from the CHCl3 solvent.); Elem. Anal.: calcd. for C30H45N2O4Si2Re: C, 
48.69; H, 6.13; N, 3.79; found: C, 48.53; H, 6.21; N, 3.70. 
 
3–2–6  Synthesis of [t-BuNBSi(OH)]Ir(H)Cl(coe) (5) 
In a glovebox, compound 1a (75 mg, 0.17 mmol) and [IrCl(coe)2]2 (126 mg, 0.190 mmol; 
1.1 equiv.) were dissolved in 13 mL of toluene in a round-bottomed Schlenk flask. The mixture 
was heated and stirred at 90 °C for 2.5 h. After the heating, the reaction mixture was cooled to 
room temperature and evaporated in vacuo. The residue was purified by silica gel flash 
chromatography using ethyl acetate/hexane (3 : 1) as an eluent, giving 58 mg of the title 
monoiridium complex 5 (0.073 mmol, 43%) as a yellow powder. 
 
Characterization data for [t-BuNBSi(OH)]Ir(H)Cl(coe) (5) 
 
1H NMR (400 MHz, ca. 298 K, CDCl3) δ 8.04 (d, 1H, 3JHH = 8.3 Hz, napyH), 7.97 (d, 1H, 3JHH 
= 8.3 Hz, napyH), 7.49 (d, 1H, 3JHH = 8.3 Hz, napyH), 7.33 (d, 1H, 3JHH = 8.3 Hz, napyH), 
4.78–4.72 (m, 1H, coe(alkenyl-H)), 4.07 (br, 1H, 1/2 = 13 Hz , Si–OH), 3.55–3.50 (m, 1H, 
coe(alkenyl-H)), 2.74–2.66 (m, 4H, coe(CH2) + SiCH2)), 2.54 (d, 1H, 3JHH = 12.1 Hz, 
coe(CH2) + SiCH2)), 2.31–2.27 (m, 2H, coe(CH2))), 2.19 (d, 1H, 3JHH = 16.9 Hz, SiCH2), 2.05–
1.22 (m, 8H, coe(CH2)) 1.10 (s, 9H, Si(t-Bu)), 1.03 (s, 9H, Si(t-Bu)), 0.84 (s, 9H, Si(t-Bu)), 
0.74 (s, 9H, Si(t-Bu)), –18.05 (s, 1H, Ir–H); 13C{1H} NMR (101 MHz, ca. 298 K, CDCl3) δ 
171.5 (napyC), 167.4 (napyC), 155.2 (napyC), 137.4 (napyC), 135.7 (napyC), 124.3 (napyC), 
121.6 (napyC), 118.7 (napyC), 64.1 (coe(alkenyl-C)), 61.9 (coe(alkenyl-C)), 32.0, 31.0, 30.5, 
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29.9, 26.9, 26.6, 26.3, 26.2, 25.4 (coe(CH2)  6 + SiCH2  2 + SiC(CH3)3  1), 30.4 (C(CH3)3), 
28.9 (C(CH3)3), 28.0 (C(CH3)3  2), 21.5 (SiC(CH3)3), 20.9 (SiC(CH3)3), 20.5 (SiC(CH3)3); 
29Si{1H} NMR (79.5 MHz, ca. 298 K, IG, CDCl3): δ 33.9 (Ir–Si), –6.7 (Si–OH). HRMS (ESI, 
positive): calcd. for [C34H60N2ONaSi2ClIr]+ ([M + Na]+): m/z 819.3459, found: 819.3455 (NaI 
was added to the sample.); Elem. Anal.: calcd. for C34H60N2OSi2ClIr: C, 51.26; H, 7.59; N, 
3.52; found: C, 51.12; H, 7.73; N, 3.44. 
. 
3–2–7  X-ray crystal structure determination of 2, 3, 4, and 5 
X-ray quality single crystals of 2, 3, and 5 were obtained by recrystallization from 
hexane/CH2Cl2 as orange needle crystals (for 2), brown block crystals (for 3), and yellow plate 
crystals (for 5) at –30 °C, while the ones of 4 were obtained similarly from hexane as yellow 
needle crystals at –30 °C. Intensity data for the analysis were collected on a Rigaku 
RAXIS-RAPID imaging plate diffractometer with graphite monochromated Mo K radiation 
( = 0.71069 Å) under a cold nitrogen stream (T = 150 K). A numerical absorption correction 
was applied to the data. The structures of 2, 3, and 5 were solved by the Patterson method 
using the DIRDIF-2008 program4 or by direct method using SHELX-975a for 4 refined by full 
matrix least-squares techniques on all F2 data with SHELXL-2016/6.5 Anisotropic refinement 
was applied to all non-hydrogen atoms. The metal–hydrido hydrogens in 2 were found on the 
difference Fourier map and refined isotropically. Other hydrogen atoms were put at calculated 
positions. The structure of 2 was solved as a racemic twin (Flack parameter: 0.34(3)) in the 
acentric space group Pna21. Some reflections, i.e. (h k l) = (2 0 0) for 2 and (h k l) = (0 1 0), (0 
–1 1), and (0 0 1) for 3, were omitted from the final refinement because their intensities were 
significantly affected by the beam stop. All calculations were carried out using Yadokari-XG.6 
CCDC reference numbers: 1812369 (for 2) and 1812370 (for 3). 
Crystallographic data for 2, 3, 4, and 5 are listed in Tables 3–1, 3–5, 3–9, and 3–13, 
respectively. Atomic coordinates and equivalent isotopic displacement parameters are shown in 
Tables 3–2, 3–6, 3–10, and 3–14, respectively. Anisotropic displacement parameters are listed 
in Tables 3–3, 3–7, 3–11, and 3–15, respectively. Hydrogen coordinates and isotropic 








Table 3–1. Crystallographic data for (t-BuNBSi)Ru2(-H)2(CO)4 (2). 
 
Empirical formula  C30H46N2O4Si2Ru2 
Formula weight  757.01 
Temperature  150(2) K 
Wavelength  0.71069 Å 
Crystal system  Orthorhombic 
Space group  Pna21 (No. 33) 
Unit cell dimensions a = 25.1161(17) Å = 90° 
 b = 10.9210(7) Å = 90° 





Density (calculated) 1.455 Mg/m
3
 
Absorption coefficient 0.977 mm–1 
F(000) 1552 
Crystal size 0.22  0.20  0.15 mm
3
 
Theta range for data collection 2.033 to 27.482° 
Index ranges –32 ≤ h ≤ 32, –14 ≤ k ≤ 14, –16 ≤ l ≤ 16 
Reflections collected 26626 
Independent reflections 7829 [R(int) = 0.0396] 
Completeness to theta = 25.240° 99.5% 
Absorption correction Numerical 
Max. and min. transmission 0.898815 and 0.860576 
Refinement method Full-matrix least-squares on F
2
 




Final R indices [I > 2(I)] R1 = 0.0277, wR2 = 0.0540 
R indices (all data) R1 = 0.0324, wR2 = 0.0554 
Absolute structure parameter 0.34(3) 
Largest diff. peak and hole 0.361 and –0.523 e Å–3 
 
R1 =  (Fo2 – Fc2) /  Fo2, wR2 = [ w(Fo2 – Fc2)2 /  w(Fo2)2]/2 
Calc w = 1 / [2(Fo2) + (0.0576 P)2 + 4.2871 P] where P = (Fo2 + 2 Fc2) / 3 
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Table 3–2. Atomic coordinates ( 10
4





) for complex 2. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
____________________________________________________________________________  
 x y z U(eq) 
____________________________________________________________________________  
Ru(1) 6750(1) 7616(1) 4702(1) 18(1) 
Ru(2) 5691(1) 7382(1) 5010(1) 16(1) 
Si(1) 7291(1) 8185(1) 3223(1) 21(1) 
Si(2) 5178(1) 7358(1) 6606(1) 19(1) 
O(1) 7642(2) 7866(5) 6318(4) 58(1) 
O(2) 6963(1) 4970(3) 4220(3) 33(1) 
O(3) 4718(1) 7702(4) 3608(3) 43(1) 
O(4) 5676(1) 4647(2) 4953(3) 32(1) 
N(1) 6578(1) 9592(3) 4673(3) 19(1) 
N(2) 5718(1) 9331(3) 5402(3) 18(1) 
C(1) 7327(2) 7778(5) 5660(5) 32(1) 
C(2) 6884(2) 5981(4) 4430(4) 23(1) 
C(3) 5071(2) 7558(4) 4170(4) 25(1) 
C(4) 5677(2) 5697(4) 4950(4) 21(1) 
C(5) 6888(2) 8345(5) 1915(4) 28(1) 
C(6) 6438(2) 9287(5) 2046(4) 34(1) 
C(7) 6635(2) 7120(5) 1583(4) 35(1) 
C(8) 7240(2) 8813(5) 995(4) 39(1) 
C(9) 7974(2) 7407(4) 3006(4) 30(1) 
C(10) 8371(2) 8305(5) 2496(5) 41(1) 
C(11) 7931(2) 6247(5) 2312(4) 35(1) 
C(12) 8216(2) 7003(6) 4074(5) 43(1) 
C(13) 7429(2) 9795(4) 3744(4) 29(1) 
C(14) 6946(2) 10343(4) 4244(4) 25(1) 
C(15) 6883(2) 11628(4) 4243(4) 27(1) 
C(16) 6462(2) 12142(3) 4747(4) 25(1) 
C(17) 6070(2) 11388(4) 5200(3) 21(1) 
C(18) 6123(2) 10099(3) 5090(3) 19(1) 
C(19) 5632(2) 11857(4) 5769(4) 23(1) 
C(20) 5266(2) 11071(4) 6169(3) 23(1) 
C(21) 5308(2) 9804(4) 5955(3) 20(1) 
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C(22) 4887(2) 8960(4) 6382(4) 24(1) 
C(23) 5619(2) 7431(4) 7879(4) 24(1) 
C(24) 5976(2) 8574(5) 7858(4) 31(1) 
C(25) 5979(2) 6306(5) 7982(4) 33(1) 
C(26) 5275(2) 7545(5) 8889(4) 36(1) 
C(27) 4584(2) 6245(4) 6749(4) 26(1) 
C(28) 4147(2) 6807(5) 7459(5) 38(1) 
C(29) 4759(2) 5007(4) 7232(4) 33(1) 
C(30) 4325(2) 5968(5) 5668(4) 36(1) 
____________________________________________________________________________  
 
Table 3–3. Anisotropic displacement parameters (Å
2 × 10
3
) for complex 2. The anisotropic 






U + k2b*2U22 + l
2c*2U33 + 
2klb*c*U23 + 2hla*b*U13 + 2hka*b*U12]. 
 
____________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
____________________________________________________________________________  
Ru(1) 16(1)  16(1) 20(1)  0(1) 2(1)  0(1) 
Ru(2) 17(1)  13(1) 17(1)  0(1) 2(1)  –1(1) 
Si(1) 18(1)  20(1) 25(1)  0(1) 5(1)  –2(1) 
Si(2) 19(1)  18(1) 19(1)  2(1) 4(1)  1(1) 
O(1) 39(2)  90(4) 46(3)  –19(3) –19(2)  4(2) 
O(2) 35(2)  18(2) 45(2)  1(2) 3(2)  5(1) 
O(3) 32(2)  62(3) 36(2)  13(2) –10(2)  –2(2) 
O(4) 40(2)  17(1) 40(2)  –1(2) 1(2)  –1(1) 
N(1) 19(2)  17(2) 21(2)  –1(2) 1(2)  –4(1) 
N(2) 20(2)  15(2) 19(2)  0(1) –1(1)  3(1) 
C(1) 27(2)  34(3) 35(3)  –5(2) 3(2)  3(2) 
C(2) 19(2)  22(2) 27(3)  7(2) 1(2)  0(2) 
C(3) 24(2)  25(2) 25(2)  1(2) 5(2)  –1(2) 
C(4) 19(2)  24(2) 19(2)  0(2) 1(2)  –2(2) 
C(5) 30(2)  30(3) 23(2)  3(2) 8(2)  1(2) 
C(6) 32(3)  43(3) 28(3)  10(2) 2(2)  8(2) 
C(7) 38(3)  38(3) 30(3)  –2(2) 2(2)  –6(2) 
C(8) 45(3)  40(3) 32(3)  8(2) 14(2)  6(2) 
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C(9) 21(2)  30(2) 37(3)  0(2) 9(2)  –1(2) 
C(10) 24(2)  38(3) 60(4)  –7(3) 16(2)  –5(2) 
C(11) 31(3)  29(3) 45(3)  1(2) 12(2)  3(2) 
C(12) 20(2)  57(4) 52(4)  –5(3) –1(2)  7(2) 
C(13) 24(2)  24(2) 37(3)  0(2) 11(2)  –7(2) 
C(14) 25(2)  23(2) 27(2)  –4(2) 2(2)  –7(2) 
C(15) 30(2)  22(2) 30(2)  5(2) –2(2)  –9(2) 
C(16) 33(2)  14(2) 27(2)  1(2) –6(2)  –2(2) 
C(17) 27(2)  17(2) 18(2)  1(2) –6(2)  1(2) 
C(18) 23(2)  17(2) 17(2)  2(2) –3(2)  –1(1) 
C(19) 30(2)  16(2) 25(2)  0(2) –7(2)  4(2) 
C(20) 26(2)  22(2) 22(2)  –2(2) –1(2)  9(2) 
C(21) 23(2)  20(2) 17(2)  2(2) –1(2)  2(2) 
C(22) 21(2)  20(2) 30(2)  1(2) 4(2)  5(2) 
C(23) 29(2)  26(2) 19(2)  0(2) 3(2)  –1(2) 
C(24) 34(3)  37(3) 22(2)  –4(2) –3(2)  –5(2) 
C(25) 35(3)  35(3) 29(3)  7(2) –2(2)  5(2) 
C(26) 41(3)  45(3) 22(2)  2(2) 7(2)  –1(2) 
C(27) 24(2)  26(2) 27(2)  4(2) 6(2)  –6(2) 
C(28) 25(2)  41(3) 49(3)  4(3) 13(2)  –3(2) 
C(29) 35(3)  25(2) 39(3)  6(2) 8(2)  –7(2) 




Table 3–4. Hydrogen coordinates (× 10
4




for complex 2. 
____________________________________________________________________________  
 x  y  z  U(eq) 
____________________________________________________________________________  
H(1) 6196(18) 7580(40) 3950(50) 20(15) 
H(2) 6290(30) 7280(60) 5840(70) 60(30) 
H(3) 6237 9348 1382 52 
H(4) 6591   10087 2221 52 
H(5) 6200 9026 2619 52 
H(6) 6399 6829 2149 53 
H(7) 6916 6515 1458 53 
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H(8) 6429 7236 930 53 
H(9) 7018 8967 370 59 
H(10) 7509 8195 823 59 
H(11) 7416 9574 1209 59 
H(12) 8416 9020 2958 61 
H(13) 8234 8570 1804 61 
H(14) 8715 7898 2400 61 
H(15) 7806 6473 1601 53 
H(16) 7678 5675 2636 53 
H(17) 8281 5856 2258 53 
H(18) 8575 6680 3956 64 
H(19) 7993 6365 4391 64 
H(20) 8235 7708 4555 64 
H(21) 7720 9760 4274 34 
H(22) 7549 10322 3151 34 
H(23) 7136 12132 3890 33 
H(24) 6432 13008 4793 30 
H(25) 5593 12714 5871 28 
H(26) 4981 11370 6592 28 
H(27) 4587 8912 5873 28 
H(28) 4748 9287 7061 28 
H(29) 6187 8610 8513 46 
H(30) 5754 9309 7804 46 
H(31) 6216 8531 7246 46 
H(32) 6233 6291 7391 50 
H(33) 5761 5562 7965 50 
H(34) 6174 6345 8655 50 
H(35) 5507 7656 9507 54 
H(36) 5063 6799 8979 54 
H(37) 5037 8252 8821 54 
H(38) 4018 7569 7137 58 
H(39) 4294 6982 8163 58 
H(40) 3851 6228 7527 58 
H(41) 4880 5135 7963 50 
H(42) 5050 4663 6810 50 
H(43) 4457 4439 7230 50 
H(44) 4009 5458 5774 55 
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H(45) 4580 5533 5216 55 




Table 3–5. Crystal data and structure refinement for (t-BuNBSi)Ru2(CO)6 (3). 
 
Empirical formula  C32H44N2O6 Si2Ru2 
Formula weight  811.01 
Temperature  150(2) K 
Wavelength  0.71069 Å 
Crystal system  Triclinic 
Space group  P-1 (No. 2) 
Unit cell dimensions a = 8.9051(3) Å = 108.9245(7)° 
 b = 14.4588(3) Å = 92.5968(8)° 





Density (calculated) 1.530 Mg/m
3
 
Absorption coefficient 0.969 mm–1 
F(000) 828 
Crystal size 0.21  0.18  0.13 mm
3
 
Theta range for data collection 2.343 to 27.481° 
Index ranges –10  h  11, –18  k  18, –19  l  19 
Reflections collected 29253 
Independent reflections 8050 [R(int) = 0.0410] 
Completeness to theta = 25.240° 100.0% 
Absorption correction Numerical 
Max. and min. transmission 0.924398 and 0.881287 
Refinement method Full-matrix least-squares on F
2
 




Final R indices [I > 2(I)] R1 = 0.0317, wR2 = 0.0643 
R indices (all data) R1 = 0.0384, wR2 = 0.0661 
Largest diff. peak and hole 0.661 and –0.362 e Å–3 
 
R1 =  (Fo2 – Fc2) /  Fo2, wR2 = [ w(Fo2 – Fc2)2 /  w(Fo2)2]/2 
Calc w = 1 / [2(Fo2) + (0.0576 P)2 + 4.2871 P] where P = (Fo2 + 2 Fc2) / 3 
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Table 3–6. Atomic coordinates ( 104) and equivalent isotropic displacement parameters   
(Å2  103) for complex 3. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________  
 x y z U(eq) 
______________________________________________________________________  
Ru(1) 1891(1) 4785(1) 2756(1) 15(1) 
Ru(2) 3520(1) 6743(1) 2922(1) 16(1) 
Si(1) 1379(1) 3039(1) 2672(1) 17(1) 
Si(2) 5115(1) 8098(1) 2538(1) 20(1) 
O(1) 620(2) 4348(1) 672(1) 28(1) 
O(2) –1269(2) 5114(2) 3218(1) 36(1) 
O(3) 3075(2) 5496(2) 4917(1) 36(1) 
O(4) 5816(2) 6683(2) 4504(2) 41(1) 
O(5) 2230(3) 8225(2) 4452(2) 40(1) 
O(6) 816(3) 6533(2) 1450(2) 41(1) 
N(1) 4113(2) 4448(1) 2351(1) 18(1) 
N(2) 4727(2) 5838(1) 1820(1) 17(1) 
C(1) 1154(3) 4513(2) 1443(2) 20(1) 
C(2) –64(3) 4993(2) 3058(2) 22(1) 
C(3) 2659(3) 5242(2) 4117(2) 24(1) 
C(4) 4979(3) 6694(2) 3905(2) 24(1) 
C(5) 2707(3) 7653(2) 3871(2) 24(1) 
C(6) 1814(3) 6589(2) 1986(2) 25(1) 
C(7) 257(3) 2636(2) 3621(2) 22(1) 
C(8) 858(3) 1798(2) 3862(2) 28(1) 
C(9) 448(3) 3514(2) 4568(2) 27(1) 
C(10) –1477(3) 2287(2) 3282(2) 30(1) 
C(11) 824(3) 2009(2) 1403(2) 21(1) 
C(12) –729(3) 2019(2) 917(2) 26(1) 
C(13) 2045(3) 2166(2) 730(2) 27(1) 
C(14) 770(4) 955(2) 1446(2) 31(1) 
C(15) 3520(3) 3093(2) 3007(2) 23(1) 
C(16) 4482(3) 3623(2) 2457(2) 21(1) 
C(17) 5685(3) 3211(2) 1997(2) 26(1) 
C(18) 6470(3) 3633(2) 1418(2) 26(1) 
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C(19) 6153(3) 4514(2) 1321(2) 21(1) 
C(20) 4998(3) 4931(2) 1830(2) 18(1) 
C(21) 6962(3) 5001(2) 750(2) 25(1) 
C(22) 6605(3) 5855(2) 697(2) 24(1) 
C(23) 5480(3) 6271(2) 1244(2) 20(1) 
C(24) 5197(3) 7249(2) 1242(2) 23(1) 
C(25) 4267(3) 9197(2) 2403(2) 29(1) 
C(26) 4963(4) 9566(2) 1615(2) 42(1) 
C(27) 2525(4) 8848(2) 2094(3) 42(1) 
C(28) 4513(4) 10084(2) 3349(2) 44(1) 
C(29) 7210(3) 8555(2) 3158(2) 27(1) 
C(30) 7239(4) 9064(2) 4249(2) 36(1) 
C(31) 8030(3) 7673(2) 2983(2) 31(1) 








) for complex 3. The anisotropic 






U + k2b*2U22 + l
2c*2U33 + 
2klb*c*U23 + 2hla*b*U13 + 2hka*b*U12]. 
____________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
____________________________________________________________________________  
Ru(1) 16(1)  14(1) 16(1)  5(1) 1(1)  3(1) 
Ru(2) 17(1)  14(1) 16(1)  5(1) 2(1)  3(1) 
Si(1) 20(1)  14(1) 17(1)  6(1) –1(1)  3(1) 
Si(2) 23(1)  16(1) 21(1)  8(1) 5(1)  4(1) 
O(1) 32(1)  33(1) 19(1)  8(1) 0(1)  10(1) 
O(2) 23(1)  47(1) 29(1)  1(1) 4(1)  10(1) 
O(3) 41(1)  38(1) 21(1)  10(1) –5(1)  –10(1) 
O(4) 35(1)  50(1) 37(1)  26(1) –13(1)  –7(1) 
O(5) 55(1)  31(1) 35(1)  5(1) 23(1)  16(1) 
O(6) 41(1)  32(1) 48(1)  12(1) –19(1)  8(1) 
N(1) 16(1)  17(1) 19(1)  5(1) –2(1)  4(1) 
N(2) 17(1)  16(1) 15(1)  4(1) 1(1)  3(1) 
C(1) 21(1)  17(1) 24(1)  9(1) 6(1)  7(1) 
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C(2) 23(1)  22(1) 17(1)  2(1) 1(1)  4(1) 
C(3) 24(1)  20(1) 25(1)  8(1) 2(1)  –2(1) 
C(4) 25(1)  22(1) 24(1)  9(1) 1(1)  –3(1) 
C(5) 27(1)  21(1) 25(1)  9(1) 5(1)  3(1) 
C(6) 29(1)  18(1) 27(1)  6(1) 2(1)  7(1) 
C(7) 24(1)  21(1) 22(1)  10(1) –2(1)  1(1) 
C(8) 33(1)  23(1) 29(1)  14(1) –2(1)  2(1) 
C(9) 35(1)  25(1) 21(1)  10(1) 3(1)  0(1) 
C(10) 26(1)  32(1) 30(1)  13(1) 2(1)  0(1) 
C(11) 25(1)  15(1) 21(1)  4(1) 0(1)  8(1) 
C(12) 28(1)  25(1) 23(1)  6(1) –3(1)  6(1) 
C(13) 28(1)  28(1) 23(1)  5(1) 4(1)  11(1) 
C(14) 43(2)  18(1) 28(1)  3(1) –4(1)  7(1) 
C(15) 23(1)  20(1) 27(1)  11(1) –2(1)  6(1) 
C(16) 19(1)  19(1) 22(1)  6(1) –5(1)  3(1) 
C(17) 22(1)  23(1) 35(1)  10(1) –4(1)  8(1) 
C(18) 19(1)  26(1) 33(1)  6(1) 1(1)  10(1) 
C(19) 17(1)  20(1) 24(1)  4(1) 0(1)  5(1) 
C(20) 16(1)  19(1) 16(1)  3(1) –3(1)  2(1) 
C(21) 19(1)  27(1) 26(1)  4(1) 7(1)  7(1) 
C(22) 24(1)  26(1) 21(1)  6(1) 7(1)  4(1) 
C(23) 21(1)  19(1) 16(1)  4(1) 1(1)  3(1) 
C(24) 29(1)  21(1) 22(1)  9(1) 8(1)  6(1) 
C(25) 35(1)  21(1) 39(2)  17(1) 11(1)  11(1) 
C(26) 50(2)  37(2) 51(2)  31(2) 13(2)  14(1) 
C(27) 39(2)  38(2) 64(2)  32(2) 9(2)  19(1) 
C(28) 60(2)  25(1) 52(2)  13(1) 17(2)  19(1) 
C(29) 26(1)  19(1) 33(1)  9(1) 2(1)  –2(1) 
C(30) 44(2)  26(1) 30(1)  3(1) –4(1)  0(1) 
C(31) 20(1)  28(1) 42(2)  11(1) 0(1)  3(1) 




Table 3–8. Hydrogen coordinates (× 10
4






 x  y  z  U(eq) 
______________________________________________________________________  
H(1) 269 1616 4345 42 
H(2) 1948 2035 4116 42 
H(3) 738 1211 3279 42 
H(4) 1542 3760 4807 41 
H(5) –103 3290 5043 41 
H(6) 26 4053 4458 41 
H(7) –2018 2108 3783 44 
H(8) –1652 1702 2693 44 
H(9) –1866 2829 3153 44 
H(10) –980 1466 302 39 
H(11) –667 2655 803 39 
H(12) –1531 1941 1334 39 
H(13) 2237 2863 750 40 
H(14) 1671 1720 71 40 
H(15) 3002 2016 941 40 
H(16) 659 474 792 47 
H(17) –107 770 1775 47 
H(18) 1725 950 1799 47 
H(19) 3805 3450 3705 27 
H(20) 3699 2406 2856 27 
H(21) 5941 2639 2096 31 
H(22) 7232 3333 1077 32 
H(23) 7748 4735 407 29 
H(24) 7111 6175 292 29 
H(25) 4213 7145 847 28 
H(26) 6032 7573 956 28 
H(27) 6077 9805 1783 62 
H(28) 4503 10115 1562 62 
H(29) 4751 9015 999 62 
H(30) 2119 9392 1983 63 
H(31) 2015 8661 2601 63 
H(32) 2330 8268 1499 63 
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H(33) 4087 9854 3857 66 
H(34) 3993 10597 3265 66 
H(35) 5617 10369 3528 66 
H(36) 6804 9662 4372 54 
H(37) 8303 9256 4553 54 
H(38) 6629 8598 4515 54 
H(39) 9036 7905 3369 46 
H(40) 8169 7411 2300 46 
H(41) 7405 7144 3168 46 
H(42) 9260 9473 3065 60 
H(43) 7783 9915 2916 60 

















Table 3–9. Crystal data and structure refinement for [t-BuNBSi(H)]Re(CO)4 (4). 
 
Empirical formula C30H45N2O4Si2Re 
Formula weight  740.06 
Temperature  150(2) K 
Wavelength  0.71069 Å 
Crystal system  Triclinic 
Space group  P-1（No. 2） 
Unit cell dimensions  a = 9.7936(10) Å  = 86.439(3)° 
 b = 12.7812(8) Å  = 74.474(2)° 
 c = 15.7726(13) Å  = 74.119(2)° 
Volume 1829.5(3) Å3 
Z 2 
Density (calculated) 1.343 g/cm3 
Absorption coefficient 3.418 mm–1 
F(000) 748 
Crystal size 0.20  0.15  0.10 mm3 
Theta range for data collection 2.118 to 27.483° 
Index ranges –12 ≤ h ≤ 12, –16 ≤ k ≤ 16, –20 ≤ l ≤ 20 
Reflections collected 22240 
Independent reflections 8203 [R(int) = 0.1597] 
Reflections with I > 2(I) 6255 
Completeness to theta = 25.240° 98.3%  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8203 / 0 / 364 
Goodness-of-fit on F2 1.248 
Final R indices [I > 2(I)] R1 = 0.0909, wR2 = 0.2037 
R indices (all data) R1 = 0.1253, wR2 = 0.2175 
Largest diff. peak and hole 3.784 and –1.974 e Å–3 
 
 
R1 =  (Fo2 – Fc2) /  Fo2, wR2 = [ w(Fo2 – Fc2)2 /  w(Fo2)2]/2 




Table 3–10. Atomic coordinates ( 104) and equivalent isotropic displacement parameters     
(Å2  103) for complex 4. U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor. 
______________________________________________________________________  
 x y z U(eq) 
______________________________________________________________________  
Re 8341(1) 1515(1) 1732(1) 25(1) 
Si(1) 8602(4) 452(3) 3134(2) 30(1) 
Si(2) 6502(4) 6821(3) 1215(2) 31(1) 
O(1) 6405(12) 122(8) 1416(7) 53(3) 
O(2) 5440(10) 3266(8) 2579(7) 45(2) 
O(3) 8429(11) 2767(8) –38(6) 44(2) 
O(4) 11138(12) –119(8) 631(7) 50(3) 
N(1) 9765(11) 2304(8) 2267(7) 30(2) 
N(2) 8886(10) 3923(8) 1537(6) 27(2) 
C(1) 7118(14) 657(11) 1514(9) 39(3) 
C(2) 6525(15) 2638(10) 2304(8) 34(3) 
C(3) 8442(15) 2322(9) 629(9) 35(3) 
C(4) 10121(16) 470(10) 1077(8) 38(3) 
C(5) 10592(12) 1767(10) 2765(8) 29(2) 
C(6) 11574(13) 2236(10) 3076(9) 37(3) 
C(7) 11653(13) 3249(11) 2839(10) 39(3) 
C(8) 10788(14) 3838(10) 2298(10) 39(3) 
C(9) 10808(13) 4927(10) 2010(10) 37(3) 
C(10) 9925(14) 5439(10) 1500(8) 34(3) 
C(11) 8929(13) 4936(10) 1297(8) 31(3) 
C(12) 9804(13) 3386(10) 2051(8) 32(3) 
C(13) 10516(13) 632(9) 3066(9) 33(3) 
C(14) 7889(15) 5512(10) 746(8) 34(3) 
C(15) 7307(13) 1101(10) 4201(8) 32(3) 
C(16) 8872(14) –1111(11) 3146(9) 38(3) 
C(17) 5048(14) 6587(11) 2233(9) 41(3) 
C(18) 5856(14) 7547(11) 244(9) 38(3) 
C(19) 7422(16) –1432(13) 3376(10) 48(4) 
C(20) 9755(16) –1611(11) 2232(9) 43(3) 
C(21) 9817(17) –1665(13) 3782(10) 53(4) 
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C(22) 7512(18) 2255(11) 4315(9) 46(3) 
C(23) 5690(16) 1242(13) 4233(10) 50(4) 
C(24) 7573(17) 484(11) 5067(9) 46(3) 
C(25) 4165(16) 7679(14) 2707(10) 52(4) 
C(26) 3998(17) 6017(13) 1991(10) 52(4) 
C(27) 5841(17) 5889(14) 2876(10) 50(4) 
C(28) 4503(15) 8486(13) 520(11) 53(4) 
C(29) 5587(18) 6744(13) –374(10) 54(4) 




Table 3–11. Anisotropic displacement parameters (Å2  103) for complex 4. The anisotropic 






U + k2b*2U22 + l
2c*2U33 + 
2klb*c*U23 + 2hla*b*U13 + 2hka*b*U12]. 
______________________________________________________________________
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________  
Re 26(1)  28(1) 26(1)  0(1) –9(1)  –13(1) 
Si(1) 30(2)  36(2) 26(2)  3(1) –7(1)  –16(1) 
Si(2) 31(2)  29(2) 34(2)  1(1) –9(1)  –13(1) 
O(1) 62(7)  54(6) 65(7)  1(5) –33(6)  –36(5) 
O(2) 28(5)  52(6) 51(6)  –4(5) –12(4)  –5(4) 
O(3) 56(6)  55(6) 29(5)  9(4) –15(4)  –25(5) 
O(4) 57(6)  50(6) 49(6)  12(5) –19(5)  –23(5) 
N(1) 35(5)  27(5) 30(5)  4(4) –13(4)  –9(4) 
N(2) 27(5)  29(5) 31(5)  –1(4) –8(4)  –16(4) 
C(1) 35(7)  35(7) 49(8)  2(6) –7(6)  –15(6) 
C(2) 44(7)  39(7) 25(6)  –4(5) –10(6)  –20(6) 
C(3) 46(7)  24(6) 45(8)  0(5) –17(6)  –17(5) 
C(4) 55(8)  31(6) 24(6)  –16(5) 3(6)  –14(6) 
C(5) 29(6)  39(7) 29(6)  13(5) –15(5)  –20(5) 
C(6) 28(6)  34(6) 55(8)  12(6) –22(6)  –11(5) 
C(7) 27(6)  43(7) 59(9)  –7(6) –23(6)  –15(5) 
C(8) 29(6)  34(7) 57(9)  –9(6) –10(6)  –15(5) 
C(9) 27(6)  26(6) 61(9)  –2(6) –9(6)  –13(5) 
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C(10) 41(7)  25(6) 35(7)  3(5) –6(6)  –12(5) 
C(11) 28(6)  32(6) 33(6)  0(5) –10(5)  –5(5) 
C(12) 24(6)  37(6) 33(6)  –13(5) –5(5)  –8(5) 
C(13) 37(6)  19(5) 43(7)  2(5) –15(6)  –5(5) 
C(14) 50(7)  32(6) 23(6)  –2(5) –8(5)  –16(6) 
C(15) 32(6)  33(6) 34(7)  –1(5) –9(5)  –13(5) 
C(16) 36(7)  38(7) 45(8)  2(6) –14(6)  –14(6) 
C(17) 36(7)  49(8) 46(8)  –2(6) –13(6)  –22(6) 
C(18) 31(6)  38(7) 50(8)  11(6) –14(6)  –13(5) 
C(19) 47(8)  59(9) 51(9)  3(7) –17(7)  –31(7) 
C(20) 53(8)  38(7) 43(8)  –11(6) –13(7)  –16(6) 
C(21) 54(9)  58(10) 46(9)  12(7) –14(7)  –17(8) 
C(22) 65(9)  37(7) 32(7)  –6(6) –6(7)  –13(7) 
C(23) 51(8)  57(9) 42(8)  –5(7) –4(7)  –20(7) 
C(24) 54(8)  41(8) 37(7)  7(6) –6(7)  –11(7) 
C(25) 35(7)  71(10) 42(8)  –16(7) 8(6)  –14(7) 
C(26) 57(9)  63(10) 54(9)  14(7) –26(8)  –37(8) 
C(27) 50(8)  78(11) 36(8)  17(7) –22(7)  –31(8) 
C(28) 32(7)  52(9) 68(11)  –2(8) –16(7)  4(6) 
C(29) 62(10)  63(10) 47(9)  3(7) –34(8)  –17(8) 




Table 3–12. Hydrogen coordinates ( 104) and isotropic displacement parameters (Å2  103) 
for complex 4. 
______________________________________________________________________  
 x  y  z  U(eq) 
______________________________________________________________________  
H(1) 12151 1828 3443 44 
H(2) 12288 3565 3036 47 
H(3) 11435 5280 2177 45 
H(4) 9973 6140 1276 41 
H(5) 10719 506 3652 40 
H(6) 11274 91 2648 40 
H(7) 7346 5002 645 41 
H(8) 8489 5670 164 41 
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H(9) 6837 –1080 2970 72 
H(10) 6872 –1198 3981 72 
H(11) 7627 –2224 3325 72 
H(12) 9952 –2405 2260 65 
H(13) 10688 –1411 2053 65 
H(14) 9185 –1334 1802 65 
H(15) 9267 –1447 4389 79 
H(16) 10732 –1440 3636 79 
H(17) 10048 –2457 3720 79 
H(18) 7352 2700 3804 69 
H(19) 8512 2178 4362 69 
H(20) 6800 2607 4850 69 
H(21) 5516 525 4214 75 
H(22) 5458 1666 3726 75 
H(23) 5063 1624 4778 75 
H(24) 6753 800 5571 69 
H(25) 8492 556 5161 69 
H(26) 7638 –288 5005 69 
H(27) 3599 7540 3297 79 
H(28) 3491 8093 2370 79 
H(29) 4843 8097 2757 79 
H(30) 3287 5887 2528 78 
H(31) 4568 5322 1695 78 
H(32) 3474 6482 1597 78 
H(33)  6579 6220 2974 76 
H(34) 6326 5156 2627 76 
H(35) 5125 5847 3437 76 
H(36) 4666 8969 921 79 
H(37) 3661 8209 821 79 
H(38) 4304 8892 –1 79 
H(39) 4978 6299 –17 80 
H(40) 6533 6270 –694 80 
H(41) 5081 7163 –795 80 
H(42) 6764 8444 –806 74 
H(43) 7965 7414 –581 74 




Table 3–13. Crystal data and structure refinement for [t-BuNBSi(OH)]Ir(H)Cl(coe) (5). 
 
Empirical formula C34H60ClIrN2OSi2 
Formula weight  796.67 
Temperature  150(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 (No. 2) 
Unit cell dimensions  a = 8.6221(7) Å  = 115.839(3)° 
 b = 15.6106(11) Å  = 92.209(2)° 
 c = 15.8616(14) Å  = 102.380(3)° 
Volume 1855.5(3) Å3 
Z 2 
Density (calculated) 1.426 Mg/m3 
Absorption coefficient 3.762 mm–1 
F(000) 816 
Crystal size 0.26  0.24  0.21 mm3 
Theta range for data collection 1.44 to 27.47° 
Index ranges –9  h  11, –20  k  20, –20  l  20 
Reflections collected 24592 
Independent reflections 8394 [R(int) = 0.0887] 
Reflections with I > 2(I) 7904 
Completeness to theta = 27.47° 98.8%  
Max. and min. transmission 0.5055 and 0.4413 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8394 / 0 / 383 
Goodness-of-fit on F2 1.087 
Final R indices [I > 2(I)] R1 = 0.0398, wR2 = 0.1096 
R indices (all data) R1 = 0.0424, wR2 = 0.1118 
Largest diff. peak and hole  2.157 and –2.209 e Å–3 
 
 
R1 =  (Fo2 – Fc2) /  Fo2, wR2 = [ w(Fo2 – Fc2)2 /  w(Fo2)2]/2 





Table 3–14. Atomic coordinates ( 104) and equivalent isotropic displacement parameters     






U + k2b*2U22 + l
2c*2U33 + 2klb*c*U23 + 2hla*b*U13 + 2hka*b*U12]. U(eq) is defined as 
one third of the trace of the orthogonalized Uij tensor. 
 
___________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________________ 
Ir 7175(1) 9346(1) 7457(1) 20(1) 
Cl 8449(1) 9122(1) 8722(1) 25(1) 
Si(1) 7320(2) 11000(1) 7997(1) 24(1) 
Si(2) 6167(2) 5806(1) 7402(1) 30(1) 
N(1) 5270(4) 9412(3) 8232(3) 24(1) 
N(2) 4781(4) 7733(3) 7450(3) 26(1) 
O(1) 7678(5) 6789(3) 7898(3) 41(1) 
C(1) 8314(5) 9215(3) 6222(3) 24(1) 
C(2) 7334(6) 8398(4) 5299(3) 31(1) 
C(3) 8293(7) 8115(4) 4473(3) 39(1) 
C(4) 9485(7) 7501(4) 4460(3) 39(1) 
C(5) 11006(7) 8041(4) 5196(4) 39(1) 
C(6) 10975(6) 7855(4) 6063(3) 36(1) 
C(7) 9532(6) 8051(3) 6591(3) 29(1) 
C(8) 9318(5) 9058(3) 6827(3) 25(1) 
C(9) 6002(6) 11308(3) 7205(3) 31(1) 
C(10) 6094(8) 12417(4) 7648(4) 47(1) 
C(11) 4223(7) 10762(4) 7093(4) 41(1) 
C(12) 6465(7) 10995(4) 6207(4) 41(1) 
C(13) 9440(7) 11903(4) 8518(4) 36(1) 
C(14) 10412(7) 11540(4) 9053(4) 41(1) 
C(15) 9323(8) 12938(4) 9230(5) 50(2) 
C(16) 10388(7) 11997(5) 7742(4) 46(1) 
C(17) 6218(6) 11182(3) 9062(3) 29(1) 
C(18) 4984(5) 10255(3) 8862(3) 26(1) 
C(19) 3585(6) 10234(4) 9298(3) 33(1) 
C(20) 2515(6) 9360(4) 9083(3) 34(1) 
C(21) 1827(6) 7508(4) 8145(4) 39(1) 
C(22) 2330(6) 6720(4) 7553(4) 38(1) 
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C(23) 3859(6) 6851(4) 7244(3) 30(1) 
C(24) 2843(5) 8470(4) 8444(3) 30(1) 
C(25) 4263(5) 8525(4) 8042(3) 27(1) 
C(26) 4533(6) 5989(3) 6692(4) 35(1) 
C(27) 5299(7) 5524(4) 8370(4) 38(1) 
C(28) 3698(9) 4735(5) 8007(5) 54(2) 
C(29) 5020(8) 6492(4) 9148(4) 47(1) 
C(30) 6503(10) 5209(5) 8833(5) 57(2) 
C(31) 7077(7) 4840(4) 6496(4) 39(1) 
C(32) 7843(8) 5269(4) 5850(5) 50(1) 
C(33) 5783(8) 3879(4) 5869(5) 54(2) 




Table 3–15. Anisotropic displacement parameters (Å2  103) for complex 5. The anisotropic 






U + k2b*2U22 + l
2c*2U33 + 
2klb*c*U23 + 2hla*b*U13 + 2hka*b*U12]. 
____________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
____________________________________________________________________________ 
Ir 19(1)  23(1) 23(1)  13(1) 7(1)  6(1) 
Cl 24(1)  32(1) 25(1)  15(1) 6(1)  9(1) 
Si(1) 26(1)  23(1) 26(1)  14(1) 7(1)  7(1) 
Si(2) 28(1)  22(1) 38(1)  13(1) 2(1)  2(1) 
N(1) 21(2)  32(2) 29(2)  20(2) 10(1)  11(2) 
N(2) 23(2)  28(2) 31(2)  16(2) 3(1)  6(1) 
O(1) 31(2)  25(2) 62(2)  17(2) –3(2)  2(1) 
C(1) 27(2)  29(2) 23(2)  15(2) 14(2)  11(2) 
C(2) 34(2)  34(2) 27(2)  14(2) 3(2)  12(2) 
C(3) 45(3)  48(3) 27(2)  16(2) 8(2)  20(2) 
C(4) 57(3)  40(3) 30(2)  19(2) 17(2)  24(2) 
C(5) 49(3)  49(3) 35(2)  26(2) 23(2)  26(3) 
C(6) 38(3)  52(3) 34(2)  26(2) 20(2)  27(2) 
C(7) 33(2)  33(2) 31(2)  20(2) 12(2)  14(2) 
C(8) 19(2)  32(2) 27(2)  14(2) 12(2)  10(2) 
C(9) 40(3)  30(2) 32(2)  20(2) 5(2)  11(2) 
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C(10) 64(4)  38(3) 46(3)  22(2) 3(3)  22(3) 
C(11) 35(3)  52(3) 52(3)  33(3) 2(2)  18(2) 
C(12) 48(3)  50(3) 37(3)  29(2) 1(2)  17(3) 
C(13) 42(3)  27(2) 37(2)  16(2) 8(2)  5(2) 
C(14) 36(3)  41(3) 41(3)  18(2) –8(2)  1(2) 
C(15) 53(4)  25(2) 56(3)  10(2) –2(3)  –2(2) 
C(16) 29(3)  56(4) 48(3)  28(3) 4(2)  –5(2) 
C(17) 37(2)  25(2) 30(2)  13(2) 10(2)  13(2) 
C(18) 27(2)  37(2) 29(2)  23(2) 12(2)  17(2) 
C(19) 33(2)  50(3) 32(2)  25(2) 16(2)  26(2) 
C(20) 25(2)  58(3) 37(2)  33(2) 13(2)  20(2) 
C(21) 23(2)  58(3) 55(3)  42(3) 11(2)  10(2) 
C(22) 22(2)  43(3) 57(3)  35(3) 0(2)  –3(2) 
C(23) 25(2)  35(2) 32(2)  20(2) 1(2)  3(2) 
C(24) 20(2)  51(3) 34(2)  31(2) 9(2)  13(2) 
C(25) 23(2)  38(2) 30(2)  24(2) 8(2)  10(2) 
C(26) 34(2)  26(2) 39(2)  15(2) –1(2)  –1(2) 
C(27) 46(3)  33(2) 37(2)  19(2) 5(2)  10(2) 
C(28) 61(4)  44(3) 54(3)  26(3) 16(3)  –2(3) 
C(29) 62(4)  41(3) 34(3)  12(2) 4(2)  19(3) 
C(30) 75(5)  56(4) 54(3)  31(3) 3(3)  31(4) 
C(31) 37(3)  27(2) 49(3)  14(2) 12(2)  7(2) 
C(32) 56(4)  40(3) 57(3)  23(3) 22(3)  14(3) 
C(33) 52(4)  29(3) 62(4)  5(3) 15(3)  6(2) 




Table 3–16. Hydrogen coordinates ( 104) and isotropic displacement parameters (Å2 103) 
for complex 5. 
____________________________________________________________________________ 
 x  y  z  U(eq) 
____________________________________________________________________________ 
H(1) 7337 7294 8049 62 
H(2) 8724 9856 6205 29 
H(3) 6414 8611 5135 38 
H(4) 6896 7809 5390 38 
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H(5) 8903 8729 4471 47 
H(6) 7523 7740 3877 47 
H(7) 8912 6935 4553 47 
H(8) 9813 7233 3823 47 
H(9) 11932 7841 4886 47 
H(10) 11184 8757 5411 47 
H(11) 11971 8276 6513 43 
H(12) 10987 7161 5861 43 
H(13) 8546 7548 6192 35 
H(14) 9691 7992 7183 35 
H(15) 10313 9604 7158 30 
H(16) 7197 12786 7700 71 
H(17) 5775 12631 8280 71 
H(18) 5369 12539 7246 71 
H(19) 3560 10897 6673 62 
H(20) 3865 10991 7715 62 
H(21) 4120 10052 6820 62 
H(22) 5796 11193 5846 61 
H(23) 6297 10278 5883 61 
H(24) 7598 11314 6256 61 
H(25) 10481 10873 8627 62 
H(26) 9887 11531 9587 62 
H(27) 11495 11982 9291 62 
H(28) 8699 12887 9717 75 
H(29) 8792 13221 8895 75 
H(30) 10405 13363 9529 75 
H(31) 11462 12437 8034 68 
H(32) 9819 12269 7410 68 
H(33) 10483 11346 7288 68 
H(34) 7000 11368 9625 35 
H(35) 5690 11723 9202 35 
H(36) 3389 10833 9742 40 
H(37) 1558 9350 9360 41 
H(38) 817 7420 8357 47 
H(39) 1660 6075 7341 46 
H(40) 4981 6072 6159 42 
H(41) 3640 5383 6417 42 
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H(42) 3824 4143 7467 82 
H(43) 2879 4986 7808 82 
H(44) 3365 4572 8514 82 
H(45) 4618 6375 9668 70 
H(46) 4230 6706 8878 70 
H(47) 6035 7005 9390 70 
H(48) 6128 5182 9399 86 
H(49) 7553 5686 9014 86 
H(50) 6601 4557 8384 86 
H(51) 8732 5849 6228 75 
H(52) 7033 5458 5565 75 
H(53) 8251 4770 5348 75 
H(54) 6275 3418 5386 81 
H(55) 4943 4026 5559 81 
H(56) 5310 3583 6262 81 
H(57) 7947 4176 7226 79 
H(58) 9100 5228 7461 79 






















3–2–8  DFT calculation 
To estimate probable locations of the bridged hydrido hydrogens in complex 2, the 
geometry of a simplified model complex for 2, i.e. (MeNBSi)Ru2(-H)2(CO)4 (2´, depicted 
below), was optimized by the DFT method using the B3PW91 hybrid functional.7,8 In this 
model complex, each tert-butyl group on the silicon atoms in 2 was replaced by a methyl group. 
The LANL2DZ basis set was employed for the ruthenium atoms in which the core electrons 
were replaced with the effective core potentials (ECPs).9 The 6-31G(d,p) basis sets10 were 
employed for the other atoms (H, C, N, O, and Si). Frequency calculation was performed to 
confirm that the optimized structure had no imaginary frequencies. All calculations were 
carried out using the Gaussian09 program package.11 The optimized structure of 2´ is depicted 
in Figure 3–1. Cartesian coordinates of all atoms in 2´ and selected distances/angles of 2´ with 







Figure 3–1. Optimized structure of model complex 2´ 
 
Table 3–17. Cartesian coordinates for the optimized structure of (MeNBSi)Ru2(-H)2(CO)4 (2´) 









 Ru –0.046897 –0.014168 –0.052832 
 Ru –0.048917 0.015647 2.673850 
 H 1.179884 0.053487 1.213660 
 H –1.271284 0.122668 1.405785 
 Si 1.672038 –0.395416 –1.660899 
 Si –1.784507 –0.236995 4.289448 
 O –2.094360 –0.252986 –2.316907 
 O 0.214883 2.965761 –0.462614 
 O 1.984941 –0.284066 4.942908 
 O –0.149111 3.013486 3.019036 
 N 0.214348 –2.220729 0.200764 
 N –0.429637 –2.178620 2.467973 
 C –1.309804 –0.164617 –1.470703 
 C 0.089904 1.829363 –0.293892 
 C 1.205414 –0.172004 4.094866 
 C –0.085766 1.868616 2.874957 
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 C 3.433214 –0.449633 –0.965040 
 H 3.489307 –1.098649 –0.085973 
 H 3.748722 0.550790 –0.651167 
 H 4.150265 -0.809586 –1.713134 
 C 1.710176 0.588413 –3.279497 
 H 2.454650 0.182581 –3.974741 
 H 1.974448 1.633955 –3.088601 
 H 0.736386 0.580994 –3.779646 
 C 1.103277 –2.185945 –2.086232 
 H 0.228706 –2.054641 –2.740384 
 H 1.816933 –2.800361 –2.647521 
 C 0.677290 –2.913738 –0.856935 
 C 0.768508 –4.328622 –0.842392 
 H 1.161340 –4.832028 –1.718282 
 C 0.309057 –5.028409 0.234648 
 H 0.306623 –6.115043 0.249129 
 C –0.165793 –4.320171 1.357233 
 C –0.126765 –2.896799 1.341895 
 C –0.678063 –4.976998 2.494531 
 H –0.735277 –6.062186 2.503423 
 C –1.097586 –4.230071 3.556087 
 H –1.516724 –4.692217 4.442460 
 C –0.928878 –2.822335 3.540224 
 C –1.313018 –2.046045 4.753479 
 H –0.431530 –1.947801 5.404127 
 H –2.057931 –2.608523 5.328420 
 C –3.546726 –0.210386 3.594619 
 H –3.638753 –0.873602 2.729299 
 H –3.807936 0.798892 3.259883 
 H –4.281473 –0.515245 4.349988 
 C –1.767916 0.781749 5.886717 
 H –2.534044 0.432895 6.589325 
 H –1.973415 1.836134 5.673429 
 H –0.796223 0.730639 6.388410 
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Table 3–18. Selected bond distances (Å) and angles (º) and selected torsion angles (º) for the 
optimized structure of (MeNBSi)Ru2(-H)2(CO)4 (2´) and for the crystal structure of 2. 
 2´ cf.) complex 2 (X-ray) 
Ru(1)–Ru(2) 2.727 2.6994(5) 
Ru(1)–Si(1) 2.385 2.3891(13) 
Ru(2)–Si(2) 2.385 2.3887(11) 
Ru(1)–N(1) 2.236 2.202(3) 
Ru(2)–N(2) 2.237 2.186(4) 
Ru(1)–H(1) 1.765 1.69(5) 
Ru(1)–H(2) 1.909 1.88(8) 
Ru(2)–H(1) 1.909 1.86(6) 
Ru(2)–H(2) 1.765 1.83(8) 
Ru(2)–Ru(1)–Si(1) 132.58 134.17(3) 
Ru(1)–Ru(2)–Si(2) 132.60 130.81(3) 
Si(1)–Ru(1)–N(1) 80.47 80.97(10) 
Si(2)–Ru(2)–N(2) 80.48 80.62(10) 
Si(1)–Ru(1)–H(2) 171.47 175(2) 
Si(2)–Ru(2)–H(1) 171.47 167.7(17) 
N(1)–Ru(1)–Ru(2)–N(2) –16.61 –15.81(14) 
C(2)–Ru(1)–Ru(2)–C(4) 5.37 6.6(2) 
Ru(1)–N(1)–C(18)–C(17) 168.48 170.0(3) 
Ru(2)–N(2)–C(18)–C(17) 168.52 168.5(3) 
N(1)–C(18)–C(17)–C(16) 7.74 8.3(6) 









3–3  Results and Discussion 
3–3–1  Synthesis and characterization of (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) 
An air-stable diruthenium(II,II) complex (t-BuNBSi)Ru2(-H)2(CO)4 (2) was obtained by a 
reaction of the ligand precursor t-BuNBSi(H)2 (1a) with 2/3 equiv. of Ru3(CO)12 in toluene at 
90 °C as an orange powder in 31% isolated yield (Scheme 3–6). In this reaction, Si–H 
oxidative addition and ligand substitution occurred to give 2, and an insoluble black solid of 
unidentified byproducts was also formed. 
 
Scheme 3–6. Synthesis of a diruthenium(II,II) complex (t-BuNBSi)Ru2(-H)2(CO)4 (2) 
 
Complex 2 was characterized by spectroscopy and crystallography (Section 3–3–2). The 
1H NMR spectrum of 2 in C6D6 (Figure 3–2(a)) shows a singlet signal for two hydrido ligands 
at –6.21 ppm. Two inequivalent doublet 1H NMR signals observed at 2.72 and 2.66 ppm (2JHH 
= 17.2 Hz) are assignable to the two methylene protons on the same carbon atom (SiCHAHB). 
Similar to this observation, 1H signals for the tert-butyl groups on each silicon atom also 
appear inequivalently as two singlets at 1.41 and 0.99 ppm. The 13C{1H} NMR spectrum of 2 
in CD2Cl2 (Figure 3–2(b)) shows five signals of the naphthyridine carbons in the range from 
177.3 to 121.0 ppm  and the 29Si{1H} NMR spectrum of 2 in C6D6 exhibits a single signal for 
the silyl ligand moieties at 73.8 ppm (Figure 3–3). These NMR observations indicate that 
complex 2 adopts a C2-symmetric structure in solution. In this regard, the C2 axis passes 
through the central carbon atoms of naphthyridine ring and the midpoint between the two metal 
centers. In agreement with the presence of four terminal CO ligands, the IR spectrum of 2 
shows four absorption bands for CO vibration in the range of 2013–1927 cm–1 (Figure 3–4). In 
the UV-visible absorption spectrum of 2 in CH2Cl2 (Figure 3–5), one absorption maximum and 






Figure 3–2. (a) 1H NMR spectrum (in C6D6) and (b) 13C{1H} NMR spectrum (in CD2Cl2) of 2 






Figure 3–3. 29Si{1H} NMR spectrum of 2 in C6D6 (IG, r.t.) 
 
 




Figure 3–5. UV-vis spectrum of 2 in CH2Cl2 (r.t.) 
 
3–3–2  X-ray crystal structure analysis of complex 2 
By single crystal X-ray analysis, it was revealed that complex 2 has two 
octahedrally-coordinated Ru centers bridged by two hydrido ligands and a t-BuNBSi ligand in a 
μ-2(Si,N):2(Si,N) coordination mode (Figure 3–6(a)). In this structure, the Si–Ru–Ru–Si 
array adopts a zigzag arrangement (Figure 3–6(b)). This adoption of the zigzag arrangement is 
possibly due to the presence of the two -hydrido ligands that bridge the octahedral Ru centers. 
The naphthyridine ring is twisted from planarity with the dihedral angle between the fused 
pyridine rings of 8.4(6)°, which is wider than complex A with a napy-based ligand bearing 
both N-heterocyclic carbene and oxygen-donor coordinating moieties at the 2,7-positions (i.e. 
3.277°) (see below).12 This twisting is also considered to be attributed to the zigzag Si–Ru–Ru–
Si arrangement. The Ru–Ru distance (2.6994(5) Å) of 2 is close to that of a 
(di--hydrido)diruthenium complex [(5-C5Me5)Ru(-H)(CO)]2 (2.6920(3) Å), having the 
same electron count reported by Ghosh et al.13 Considering that 2 has a pseudo C2-symmetric 
structure (vide supra) as shown in its 1H and 29Si{1H} NMR spectra (Figures 3–2(a) and 3–3, 
respectively), this zigzag Si–Ru–Ru–Si arrangement of 2 is presumed to be the most probable 






Although the positions of the two bridging hydrido hydrogens have been located in a 
differential Fourier map and refined, the Ru–H bond distances (Ru(1)–H(1) 1.69(5) Å, Ru(1)–
H(2) 1.88(8) Å, Ru(2)–H(1) 1.86(6) Å, and Ru(2)–H(2) 1.83(8) Å) in the crystal structure were 
not be able to be compared with each other due to their large standard deviations. Accordingly, 
in order to gain a more insight into the detailed Ru–H interatomic distances, I also investigated 
the hydrido-ligand positions by DFT calculation of a simplified model complex 
(MeNBSi)Ru2(-H)2(CO)4 (2´) having two methyl groups on each silicon atom instead of 
tert-butyl ones (Figure 3–1), at the B3PW91 level using a mixed basis set, i.e. LANL2DZ (for 
Ru) and 6-31G(d,p) (for the other atoms) (see Section 3–2–8). The two Ru atoms in the 
optimized structure of 2´ (Figure 3–1) are asymmetrically bridged by each of hydrido ligands 
where the Ru–H(trans to Si) bonds (1.909 Å each) are longer than the Ru–H(trans to CO) ones 
(1.765 Å each). This elongation of the former bonds is probably due to strong trans influence 
of the silyl ligand moieties. In agreement with the recent suggestion of bond classification for 
bridging hydrido complexes with M–H–M 3c-2e bonds by Green, Green, and Parkin,14 I 






Figure 3–6. Crystal structure of 2: (a) side view and (b) top view. Thermal ellipsoids are 
drawn at the 50% probability level, and all the hydrogen atoms except hydrido hydrogens are 














Table 3–19. Selected bond distances (Å) and angles (°) and selected torsion angles (°) for 2 
 
Ru(1)–Ru(2)  2.6994(5)   Ru(1)–Ru(2)–Si(2)   130.81(3) 
Ru(1)–Si(1)  2.3891(13)   Ru(2)–Ru(1)–Si(1)   134.17(3) 
Ru(2)–Si(2)  2.3887(11)  Si(1)–Ru(1)–N(1)   80.97(10) 
Ru(1)–N(1)  2.202(3)  Si(2)–Ru(2)–N(2)   80.62(10) 
Ru(2)–N(2) 2.186(4)  Si(1)–Ru(1)–H(2)   175(2) 
Ru(1)–H(1)  1.69(5)   Si(2)–Ru(2)–H(1)   167.7(17) 
Ru(1)–H(2)  1.88(8)   N(1)–Ru(1)–Ru(2)–N(2)  –15.81(14) 
Ru(2)–H(1) 1.86(6)   C(2)–Ru(1)–Ru(2)–C(4)   6.6(2) 
Ru(2)–H(2)  1.83(8)   Ru(1)–N(1)–C(18)–C(17)  170.0(3) 
     Ru(2)–N(2)–C(18)–C(17)  168.5(3) 
 
 
3–3–3  Synthesis and characterizaion of (t-BuNBSi)Ru2(CO)6 (3) 
In order to obtain a different type of diruthenium complex with the t-BuNBSi ligand, I 
performed photoirradiation of complex 2 at 7 °C using a 450 W medium pressure mercury 
lamp in benzene for 20 h. As a result, an air-stable (hexacarbonyl)diruthenium complex 
(t-BuNBSi)Ru2(CO)6 (3) was obtained as a dark brown powder in 47% isolated yield (Scheme 
3–7). In contrast to diruthenium (II,II) complex 2, each Ru center in complex 3 has an 
oxidation state of +1, indicating that t-BuNBSi is able to support dinuclear ruthenium centers 
with different oxidation states. 
Scheme 3–7. Synthesis of a diruthenium(I,I) complex (t-BuNBSi)Ru2(CO)6 (3) 
 
Considering that the number of the CO ligands of 3 (i.e. six) increased in comparison 
with that for 2 (i.e. four), I also examined the photoreaction of 2 under a CO atmosphere (1 
atm). In agreement with my expectation, the reaction time until completion was dramatically 
shortened from 20 h to 1 h. Additionally, the NMR yield of complex 3 was improved from 
52% to 62%. Ru-containing byproducts formed in these photoreactions have not been 
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characterized, but a singlet signal of dihydrogen as a byproduct was observed at 4.46 ppm by 
1H NMR spectroscopy during monitoring of the photoreaction of 2 under CO. At present, I 
suggest that the chemical conversion from 2 to 3 would involve (1) photo-induced CO 
dissociation from complex 2, (2) photo-induced reductive elimination of two hydrido ligands 
from 2 probably as H2 along with the formation of coordinatively unsaturated species,
15,16 and 
(3) coordination of liberated CO to this species to give 3.17  
 Unlike complex 2, the 1H NMR spectrum of complex 3 (Figure 3–7(a)) shows a singlet 
signal for each of the methylene and tert-butyl protons of t-BuNBSi at 2.80 and 1.14 ppm, 
respectively. The 13C{1H} NMR spectrum of 3 in C6D6 (Figure 3–7(b)) exhibits five signals for 
the naphthyridine carbons in the range from 179.1 to 119.4 ppm. Additionally, in the 29Si{1H} 
NMR spectrum of 3 (Figure 3–8), a 29Si signal for the silyl coordinating moieties appears at 
102.3 ppm, which is shifted downfield by 28.5 ppm in comparison with that of 2. The IR 
spectrum of 3 shows six observable terminal CO absorption bands in the range from 1927 to 
2050 cm–1 (Figure 3–9). The dark brown color of Ru(I)–Ru(I) complex 3 is noticeably different 
from the orange color of Ru(II)–Ru(II) complex 2. Accordingly, the UV-vis absorption 
spectrum of 3 (Figure 3–10) is also different from that of 2 (Figure 3–5) and shows 
characteristic two weak absorption maxima in a longer-wavelength region (> 450 nm), i.e. max 
= 483 and 717 nm. These absorption maxima are probably attributable to metal (d7) to ligand 
(napy) charge transfer transition in agreement with the assignments in previous reports for 















Figure 3–8. 29Si{1H} NMR spectrum  of 3 in C6D6 (IG, r.t.) 
 




Figure 3–10. UV-vis spectrum of 3 in CH2Cl2 (r.t.) 
 
3–3–4  X-ray crystal structure analysis of complex 3 
Single crystal X-ray analysis revealed that complex 3 has two octahedrally-coordinated 
ruthenium centers bridged by t-BuNBSi (Figure 3–11(a)). The Si–Ru–Ru–Si linkage in 3 adopts 
a roughly linear arrangement in which each of the silyl silicon atoms is located trans to the Ru–
Ru bond. This arrangement contrasts with the zigzag one in di--hydrido Ru(II)–Ru(II) 
complex 2. The Ru–Ru bond distance of 3 (2.8579(3) Å) is similar to that of a bis(silyl) 
diruthenium(I,I) complex {(Me3SiO)2MeSi}(CO)4Ru–Ru(CO)4{SiMe(OSiMe3)2} (2.909(1) Å) 
reported by Braunstein et al.1 Nonetheless, the Ru–Ru distance of 3 is much longer than those 
of Ru(I)–Ru(I) complexes with napy-based ligands (i.e. normally shorter than 2.7 Å).17 This 
elongation undoubtedly arises from strong trans influence of the silyl ligand moieties at the 
axial positions, leading to significant destabilization of the Ru–Ru -bonding orbital as 
proposed by Bera et al. for related Ru(I)–Ru(I) complexes with 2-substituted napy-based 
ligands.17a The Ru(CO)3–Ru(CO)3 fragment of 3 adopts a staggered conformation in order to 
avoid the steric repulsion between CO ligands bound to two different metal centers with, for 
example, the C(2)–Ru(1)–Ru(2)–C(5) torsion angle of 31.50(11)°. The presence of this steric 
repulsion is clearly supported by interatomic carbon---carbon distances between CO ligands: 
The distances of C(1)---C(4) = 2.764(4) and C(3)---C(6) = 2.781(4) Å are shorter than the 





renders the Si–Ru–Ru–Si linkage tilted against the naphthyridine ring (Figure 3–11(b)) as 
shown in the dihedral angle (24.10(7)°) between the least-squares plane defined by the Ru(1), 
Ru(2), Si(1), and Si(2) atoms and that of the 1,8-naphthyridine ring. 
 
 
Figure 3–11. Crystal structure of 3: (a) side view and (b) top view. Thermal ellipsoids are drawn 









Table 3–20. Selected bond distances (Å) and angles (°) and selected torsion angles (°) for 3 
 
Ru(1)–Ru(2)  2.8579(3)   Ru(1)–Ru(2)–Si(1)   160.807(18) 
Ru(1)–Si(1)  2.4411(6)   Ru(2)–Ru(1)–Si(2)   160.797(18) 
Ru(2)–Si(2)  2.4377(7)   N(1)–Ru(1)–Ru(2)–N(2)  28.12(7) 
Ru(1)–N(1)  2.1892(19)   C(2)–Ru(1)–Ru(2)–C(5)   31.50(11) 
Ru(2)–N(2)  2.1980(19)   Ru(1)–N(1)–C(20)–C(19)  –160.03(16) 
     Ru(2)–N(2)–C(20)–C(19)  –160.16(16) 
 
3–3–5  Dynamic behavior of diruthenium complex 3 in solution 
The 1H NMR spectrum of 3 at room temperature shows an equivalent singlet signal for 
each of the methylene and tert-butyl protons of t-BuNBSi, whereas the crystal structure of 3 
shows two t-Bu groups on the same silicon atom are in inequivalent environments (Section 3–
3–4). This indicates the presence of dynamic behavior in solution. To investigate this behavior, 
I measured the variable temperature 1H NMR spectra of 3 in CD2Cl2 as shown in Figure 3–12. 
Both of the CH2 and t-Bu signals gradually broadened as the solution cooled from room 
temperature to 220 K. These observations indicate that 3 has a fluxionality in solution leading 
to the exchange of two protons each of the methylene groups and of two tert-butyl groups on 
each silicon atom. This dynamic behavior probably arises as a result of flipping of the Si–Ru–
Ru–Si linkage across the naphthyridine-ring plane (Figure 3–13). This flipping possibly 
proceeds through the eclipsed form where steric repulsion between CO ligands mentioned in 






 Figure 3–12. Variable temperature 1H NMR spectra of complex 3 in the range from 4 to 0 
ppm (400 MHz, CD2Cl2) 
 
 




3–3–6 Synthesis, characterization, and X-ray crystal structure analysis of 
[t-BuNBSi(H)]Re(CO)4 (4) 
 
Photoirradiation of a mixture of the ligand precursor t-BuNBSi(H)2 (1a) and one equivalent 
of Re2(CO)10 in toluene at 7 °C for 2.5 h afforded a mononuclear rhenium complex 
[t-BuNBSi(H)]Re(CO)4 (4) as a yellow powder in 56% isolated yield (Scheme 3–8). At present, 
I have not observed the formation of any expected dirhenium–t-BuNBSi complexes. In this 
reaction, the formation of monorhenium complex 4 possiblly starts from photo-induced 
cleavage of the Re–Re bond of Re2(CO)10 generating mononuclear Re(CO)5 radical species. A 
similar bond cleavage reaction under photoirradiation has been reported by Gard and Brown as 
illustrated in Scheme 3–9.18 Subsequent Si–H bond activation and ligand substitution of 1a 
with Re(CO)5 species is considered to form 4 together with a hydrido complex Re(CO)5H as a 
byproduct. In this regard, a 1H NMR spectrum of a crude reaction mixture showed a signal at  
–5.79 ppm assignable to the hydrido hydrogen of Re(CO)5H (–5.7 ppm).19 
 
 
Scheme 3–8. Synthesis of a monorhenium complex [t-BuNBSi(H)]Re(CO)4 (4) 
 
 
Scheme 3–9. Photo-induced hemolytic cleavage of the Re–Re in Re2(CO)10 
 
Complex 4 was characterized by spectroscopy (NMR, IR, and HRMS) and crystallography. 
In the 1H NMR spectrum of 4 (Figure 3–15(a)), its unsymmetrical structure was revealed based 
on the observation of four inequivalent doublet signals of the aromatic protons at 7.94, 7.88, 
7.56, and 7.35 ppm. An SiH proton signal appears as a triplet at 3.84 ppm (3JHH = 3.8 Hz) due 
to the coupling with two methylene protons (2.87 ppm, doublet). Two singlet signals at 1.01 
and 1.00 ppm are assignable to the tert-butyl hydrogens. The 13C{1H} NMR spectrum of 4 
(Figure 3–15(b)) shows eight signals for naphthyridine carbons in the range from 179.7 to 
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118.1 ppm and the signals for CO ligands at 198.9, 197.4, and 191.8 ppm with ca. 2 : 1 : 1 
intensity ratio. The 29Si{1H} NMR spectrum of 4 in CDCl3 (Figure 3–15) exhibits two signals 
for the silyl moiety bound to Re center and (hydrosilyl)methyl group at 68.3 and 14.5 ppm, 
respectively. The IR spectrum of 4 (Figure 3–16) shows a SiH band at 2065 cm–1 together with 


























Figure 3–15. (a) 1H NMR spectrum (in CDCl3) and (b) 13C{1H} NMR spectrum (in CD2Cl2)  


















Single crystal X-ray analysis revealed that complex 4 adopts a distorted octahedral 
geometry around the rhenium atom, where the silicon- and nitrogen-donors of the t-BuNBSi 
ligand constitute a five-membered chelate ring with the metal atom (Figure 3–18). This five- 
membered ring framework involving a napy nitrogen atom is similar to those for mononuclear 
rhenium carbonyl complexes having a napy-based 2(N,N’)-type chelate ligand, i.e. 
[(N,N’-bpnp)Re(CO)3X] ((B)20, see below, X = Cl and Br, bpnp = 
2,7-bis(2'-pyridyl)-1,8-naphthyridine). The resulting Si(1)–Re–N(1) bite angle is 76.6(3)°. The 
Re–N(1) bond distance of 2.275(10) Å is similar to the corresponding Re–N(napy) one of 




Figure 3–18. Crystal structure of 4: (a) side view and (b) top view. Thermal ellipsoids are drawn 





Table 3–21. Selected bond distances (Å) and angles (°) for 4 
 
Re–Si(1)  2.557(3)   N(1)–Re–Si(1)    76.6(3) 
Re–N(1)  2.275(10)  Si(1)–Re–C(3)   171.7(4) 
Re–C(1)  1.935(13)   N(1)–Re–C(1)    167.2(5) 
Re–C(2)  1.956(13)   Si(2)–Re–C(4)   175.3(5) 
Re–C(3)  1.960(14)    
Re–C(4) 1.986(14)   
 
 
3–3–7 Synthesis, characterization, and X-ray crystal structure analysis of  
[t-BuNBSi(OH)]Ir(H)Cl(coe) (5) 
 
Treatment of t-BuNBSi(H)2 (1a) with one equivalent of [IrCl(coe)2]2 in toluene at 90 °C for 
2.5 h under argon followed by separation of the main product from the reaction mixture using 
silica gel flash chromatography gave a mononuclear iridium complex containing a silanol 
moiety, [t-BuNBSi(OH)]Ir(H)Cl(coe) (5), as a yellow powder in 43% isolated yield (Scheme 3–
10). The silanol moiety in 5 is possibly formed by a reaction of an intermediate containing a 
hydrosilyl Si(t-Bu)2H group with H2O (from silica gel) during the purification.   
 
 
Scheme 3–10. Synthesis of a monoiridium complex [t-BuNBSi(OH)]Ir(H)Cl(coe) (5) 
 
Complex 5 was characterized by NMR and mass spectroscopy, elemental analysis, and 
crystallography. The 1H NMR spectrum of 5 in CDCl3 (Figure 3–19(a)) shows a singlet signal 
for the hydrido hydrogen at –18.05 ppm. Similar to the case of monorhenium complex 4, four 
inequivalent doublet signals of the aromatic protons of 5 were observed at 8.04, 7.97, 7.49, and 
7.33 ppm reflecting the unsymmetrical structure of 5. A broadened 1H NMR signal assignable 
to the silicon-bound OH group appears at 4.07 ppm. Four inequivalent signals for hydrogens of 
the t-Bu groups also appear in the range from 1.10 to 0.74 ppm. The 13C{1H} NMR spectrum 
of 5 (Figure 3–19(b)) shows eight signals for the napy carbons in the range from 171.5 to 118.7 
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ppm and also shows two inequivalent signals for the alkenyl carbons of 2-coe ligand at 64.1 
and 61.9 ppm. The 29Si{1H} NMR spectrum of 5 (Figure 3–20) exhibits two signals, which are 
assignable to the iridium-bound silyl silicon and the silicon at the [(hydroxyl)silyl]methyl 
group, at 33.9 and –6.7 ppm, respectively. 
By single crystal X-ray analysis, the crystal structure of complex 5 was revealed as shown 
in Figure 3–21. In this structure, the Ir center is obviously coordinated to the 
2(Si,N)-t-BuNBSi(OH), chloride, and 2-coe ligands. Although the 1H NMR spectroscopic data 
for 5 clearly show the presence of hydrido hydrogen in the structure of 5, the position of the 
hydrido ligand was not able to be located in a differential Fourier map. Accordingly, by 
comparing the bond angles around the iridium center of 5, such as Si(1)–Ir–N(1) and      
Cl–Ir–Si(1) with those of a related complex previously synthesized in our group, i.e. an iridium 
complex having a 2(Si,N)-type silyl–pyridine chelate ligand C (Figure 3–21), I propose that 
complex 5 adopts a distorted square pyramidal geometry around the iridium atom where the 
hydrido ligand is located trans to the Cl ligand. In this geometry, the resulting bite angle of 



























¥Figure 3–19. (a) 1H NMR spectrum and (b) 13C{1H} NMR spectra of 5 in CDCl3           






























Figure 3–21. Crystal structure of 5: (a) side view and (b) top view. Thermal ellipsoids are drawn 













Table 3–22. Selected bond distances (Å) and angles (°) and selected torsion angles (°) for 5 
 
Ir–Cl  2.4412(10)   Cl–Ir–Si(1)  108.85(4) 
Ir–Si(1)  2.3113(12)   Si(1)–Ir–N(1)  82.30(11) 
Ir–N(1)  2.082(4)    Cl–Ir–N(1)   82.65(10) 
Ir–C(1)  2.175(4)   Si(1)–Ir–C(1)  94.16(12) 
Ir–C(8)  2.173(4)   N(1)–Ir–C(1)  155.14(17) 




Figure 3–22. Iridium complex having a 2-(Si,N)-type silyl-pyridine chelate ligand 
 
A tentatively-proposed mechanism for the formation of complex 5 in the reaction of ligand 
precursor 1a with [IrCl(coe)2]2 is illustrated in Scheme 3–11. This mechanism starts from 
oxidative addition of a hydrosilyl group of 1a to an iridium center of [IrCl(coe)2]2 and ligand 
substitution to give intermediary complex D. During the purification procedure, nucleophilic 
attack of H2O on the uncoordinated Si atom of the hydrosilyl group in complex D generates 
intermediate E. The H2O molecule is considered to come from the surface of silica gel that was 
used for the purification procedure. In this step, the nucleophilic attack is considered to be 
promoted by intramolecular interaction between Si–H hydrogen and the Ir center without 
Si,N-chelation. The hydrogen migrates from Si to the Ir center during this attack. Finally, H+ 
transfer from SiOH2+ moiety to the anionic Ir center in intermediate E followed by elimination 
of Ir(H)2Cl(coe)2 as a byproduct occurs to give complex 5. At present, I have not been able to 










Scheme 3–11. Tentative formation mechanism of iridium complex 5 during purification using 
silica gel flash chromatography 
 
 
3–4  Conclusion 
As described in this chapter, diruthenium(II,II) complex (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) was 
synthesized by a thermal reaction of ligand precursor 1a with 2/3 molar equiv. of Ru3(CO)12 
(Scheme 3–12). Crystal structure analysis of 2 revealed that the Si–Ru–Ru–Si linkage adopts a 
zigzag arrangement. A DFT optimized structure of a simplified model complex of 2 clearly 
showed that each of the two hydrido ligands asymmetrically bridges two Ru atoms where the 
Ru–H bonds trans to Si are longer than those trans to CO evidently due to strong trans 
influence of the silyl ligand moieties. 
Photoirradiation of a solution of complex 2 resulted in the formation of an air stable 
(hexacarbonyl)diruthenium(I,I) complex (t-BuNBSi)Ru(CO)6 (3) as a dark brown powder 
(Scheme 3–12). The change of the oxidation number of each of the Ru centers from +2 
(complex 2) to +1 (complex 3) indicates that t-BuNBSi is able to support the dinuclear 
ruthenium center with some different oxidation states. The Si–Ru–Ru–Si linkage in 3 adopts a 
roughly linear arrangement in which each of the silyl silicon atoms is located trans to the Ru–
Ru bond. Two RuN(CO)3 fragments are mutually twisted around the Ru–Ru bond due to the 
steric repulsion between CO ligands, and the Ru–Ru bond in 3 (2.8579(3) Å) is elongated in 
comparison with those of related Ru2 complexes (normally shorter than 2.7 Å), probably 
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because of strong trans influence of the silyl ligands. 
On the other hand, reaction of 1a with Re2(CO)10 under photoirradiation and with 
[IrCl(coe)2]2 under heating at 90 °C gave mononuclear complexes [
t-BuNBSi(H)]Re(CO)4 (4) 
and [t-BuNBSi(OH)]Ir(H)Cl(coe) (5), respectively. Since both 4 and 5 possess a Si–H or Si–OH 
functional group and a N(napy)-donor coordinating moiety, they are considered to be used as 
potential precursors for the synthesis of heterodinuclear complexes. 
 
 
Scheme 3–12. Synthesis of ruthenium, rhenium, and iridium complexes bearing a napy-based 
silyl chelate ligand. 
  
In the next chapter, I will describe the catalytic activity of complex 2 toward reactions of 
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Catalytic Activity of a Diruthenium Complex with  
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4–1  Introduction 
As described in Chapter 1, catalytic hydrosilylation of alkynes with hydrosilanes represents 
the most straightforward and atom economical approach toward the synthesis of vinylsilanes in both 
laboratory and industrial scales, which are widely utilized in the fields of organic synthesis, polymer 
chemistry and materials science.1 As efficient catalysts for this reaction, many ruthenium complexes 
have been developed and employed particularly for stereoselective synthesis of substituted 
silylalkenes.2 
Ozawa et al. reported a hydrosilylation reaction of terminal alkynes with hydrosilanes 
containing aryl groups in the presence of a ruthenium–hydride catalyst RuHCl(CO)(PPh3)3 to 
produce (E)-vinylsilanes in over 99% stereoselectivity as illustrated in Scheme 4–1.3 In contrast, the 
corresponding reaction afforded isomeric (Z)-vinylsilanes in up to 99% selectivity using a 




Scheme 4–1. Stereoselective hydrosilylation reactions of terminal alkynes catalyzed by a 
ruthenium–hydride complex RuHCl(CO)(PPh3)3 and a ruthenium–silyl complex 
RuCl(SiMe2Ph)(CO)(P(i-Pr)3)2 
 
Na and Chang also demonstrated that a diruthenium complex [Ru(p-cymene)Cl2]2 serves as an 
active catalyst for highly Z-selective hydrosilylation of a wide range of functionalized terminal 






Scheme 4–2. Hydrosilylation reaction of terminal alkynes catalyzed by a diruthenium complex 
[Ru(p-cymene)Cl2]2 
 
By the way, our group has previously developed an unusual type of reaction of internal 
arylalkynes with tertiary silanes catalyzed by a mononuclear ruthenium complex A bearing a 
xanthene-based bis(silyl) chelate ligand "xantsil" as illustrated in Scheme 4–3.4 In this reaction, 
ortho-C–H silylation and trans-selective hydrogenation of the alkynes occurred to give 
(E)-alkenes with an ortho-silylated aryl group. This finding implies that metal complex 
catalysts with silyl ligands have a potential to promote unusual silylation reactions via C–H 
activation. 
 
Scheme 4–3. ortho-C–H silylation/hydrogenation of internal arylalkynes with tertiary silanes 
catalyzed by a ruthenium bis(silyl) chelate complex A 
 
 
On the basis of the achievements in ruthenium-catalyzed hydrosilylation or C–H silylation 
reactions of alkynes with hydrosilanes as exemplified above, I selected this reaction system, i.e. 
reaction of akynes with hydrosilanes, in order to investigate the catalytic performance of one of the 
diruthenium complexes with the t-BuNBSi ligand synthesized in this work, i.e. di--hydrido Ru(II)–
Ru(II) complex Ru2(-H)2(t-BuNBSi) (2) (see Chapter 3). Considering that reactivity towards bond 
activation is expected to be enhanced by the cooperative effect of two metal centers in 
dinuclear transition-metal complexes (see Chapter 1), I expected that complex 2 would possibly 
show peculiar catalytic activity toward the reaction using alkynes and hydrosilanes as substrates. For 
instance, complex 2 is expected to have potential to promote an unusual meta-C–H silylation 
reaction of arylalkynes with hydrosilanes via cooperative activation on the two Ru centers of a 
meta-C–H bond of the alkynes as illustrated in Scheme 4–4. This chapter describes the catalytic 
































4–2  Experimental Section 
General procedures 
All manipulations were performed in a glove box under argon atmosphere unless 
otherwise indicated. All reagents except diphenylacetylene, i.e. phenylacetylene, 
p-methoxyphenylacetylene, p-fluorophenylacetylene, diethylsilane, and triethylsilane as well as 
deuterated solvents for NMR-scale reactions, i.e. benzene-d6 (C6D6) and toluene-d8 were at 
first dried over calcium hydride, degassed by three freeze-pump-thaw cycles, and then stored 
over 4 Å molecular sieves in a glovebox. Diphenylacetylene was degassed and then stored in a 
glovebox. 1H NMR spectra were recorded on a Bruker AVANCE III 400 spectrometer. 1H 
NMR chemical shifts were referenced to the residual proton resonances of deuterated solvents, 
i.e. 7.15 ppm for C6D6 and 2.09 ppm for toluene-d8 (C6D5D2H). Mass spectra were recorded on 
a Shimadzu GCMS–QP2010 SE spectrometer operating in the electron impact (EI) mode. 
Known compounds formed by catalytic hyrosilylation and semihydrogenation reactions of 
alkynes, i.e. 8, 9, 10, 11a,b,c, and 12 were identified by comparison of their 1H NMR data with 
those reported in the literatures (for 8, 9, 10, 11a–d, and 12 in benzene-d6)6,7 or those of the 
authentic sample (for 11a in toluene-d8) and also by GC-MS analysis for 11a and 11d. 
 
4–2–1  General procedure for NMR-scale hydrosilylation reactions of arylalkynes with 
triethylsilane catalyzed by diruthenium complex 2 
 
In an NMR tube with a J. Young Teflon valve (5 mm o.d.), arylalkyne 6 (PhC≡CH (6a) or 
PhC≡CPh (6b); 13 mol) and triethylsilane (7a) (1.7 mg, 15 mol; 1.2 equiv.) were dissolved 
in toluene-d8 (0.6 mL), and then complex 2 (1.0 mg, ca. 1.4 mol; 5 mol%) was added to the 
solution. The solution was heated at 90 °C, and the reaction was monitored by 1H NMR 
spectroscopy. After the substrate 6 was consumed completely, the reaction mixture was 
evaporated in vacuo, and then CDCl3 (0.5 mL) was added to the residue in the NMR tube 
followed by addition of CH2Br2 (2.5 mg, 14 mol; an internal standard). The residue was 
completely dissolved in CDCl3 and the 
1H NMR spectrum of the solution was measured. 
Hydrosilylation products 8 and 9 (from 6a) or (E)/(Z)-10 (from 6b) were observed as main 
product. Amounts of alkynes, reaction times, and NMR yields of products were summarized in 
Table 4–1. NMR yields of the products 8, 9 and (E)-10 were determined based on the molar 







NMR yield of the product (Z)-10 was also determined based on molar ratio between products 







Table 4–1. Conditions and yields of products for hydrosilylation of terminal and internal 














(1.3 mg, 13 mol) 
6b 




8 (87%), 9 (7%) 
 
(E)-10 (96%), (Z)-10 (3%) 
aBased on arylalkynes. 
 
4–2–2  General procedure for NMR-scale semihydrogenation reactions of arylalkynes 
with diethylsilane catalyzed by diruthenium complex 2 
 
In an NMR tube with a J. Young Teflon valve (5 mm o.d.), arylalkyne 6 (11 mol), 
diethylsilane (7b) (1.2 mg, 13 mol; 1.2 equiv.), and 1,3,5-trimethoxybenzene (for 6a) or 
hexamethylbenzene (for 6b–d) (< 1 mg, an internal standard) were dissolved in toluene-d8 (for 
6a) or benzene-d6 (for 6b–d) (0.5 mL), and then complex 2 (0.9 mg, ca. 1.2 mol; 5 mol%) 
was added to the solution. The solution was heated at 60 °C until the substrate 6 was 
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completely consumed. The reaction was monitored by 1H NMR spectroscopy. 
Semihydrogenation products, i.e. styrene 11a–c or (Z)/(E)-stilbene 12 were formed mainly. 
Amounts of substrates, reaction conditions, and NMR yields of products were summarized in 
Table 4–2 for the reactions with 6a,c,d and Scheme 4–5 for the reaction with 6b. NMR yields 
of 11a–c and 12 were determined by comparison of intensities of the aryl proton signals of 
these products with those of the signals of 1,3,5-trimethoxybenzene (for 11a) or 
hexamethylbenzene (for 11b–d). 
 
 
Table 4–2. Conditions and yields of products for semihydrogenation of terminal arylalkynes  
6a,c,d with diethylsilane catalyzed by 2 
 
 
entry arylalkyne time (h) products (NMR yield)a 







(1.1 mg, 11 mol) 
6c 
(1.4 mg, 11 mol) 
6d 











aBased on arylalkynes. 
 





4–2–3  NMR monitoring of a stoichiometric reaction of phenylacetylene (6a) with  
complex 2 
 
An NMR tube (5 mm o.d.) with a J. Young Teflon valve was charged with 
pheynylacetylene (6a) (1.1 mg, 11 mol), complex 2 (8.3 mg, 11 mol; 1.0 equiv.), and 
hexamethylbenzene (< 1 mg, an internal standard), and then they were dissolved in benzene-d6 
(0.5 mL). The solution was heated at 60 °C for 6 h and then at 90 °C for 42 h, and the mixture 
was monitored by 1H NMR spectroscopy. However, no reaction took place even after heating 
at 90 °C. 
 
4–2–4  NMR-scale monitoring of a stoichiometric reaction of diethylsilane (7b) with 
complex 2 
 
According to a procedure analogous to that for the above-mentioned NMR-scale 
stoichiometric reaction of phenylacetylene (6a) with complex 2, a solution of diethylsilane (7b) 
(1.0 mg, 11 mol), 2 (8.3 mg, 11 mol; 1.0 equiv.), and hexamethylbenzene (< 1 mg, an 
internal standard) in benzene-d6 (0.5 mL) was prepared. The solution was heated at 60 °C, and 
the reaction was monitored by 1H NMR spectroscopy. After heating at 60 °C for 3 h, 7b was 
completely consumed while H2 was generated, and complex 2 remained nearly quantitatively 
at the end of the reaction. The formation of H2 was confirmed by observation of it singlet 
signal at 4.46 ppm by 1H NMR spectroscopy. Complicated signals assignable to SiEt 
hydrogens of organosilicon compounds also appeared in the range from 1.31 to 0.60 ppm. 
Although there are no other spectroscopic evidences for the characterization of the resulting 
organosilicon compound at present, they are possibly oligosilanes formed by dehydrogenative 
coupling of diethylsilane. 
 
4–2–5  NMR-scale semihydrogenation reaction of phenylacetylene (6a) with H2 (1 atm) 
catalyzed by diruthenium complex 2 
 
According to a procedure analogous to that for the NMR-scale reactions of arylalkynes 
with diethylsilane catalyzed by complex 2 in Section 4–2–2, a solution of phenylacetylene (6a) 
(1.1 mg, 11 mol) and 2 (0.9 mg, ca. 1.2 mol; 5 mol%) in benzene-d6 (0.5 mL) was prepared. 
After the solution was degassed by three freeze-pump-thaw cycles, the tube was finally filled 
with H2 (1 atm). The solution was heated at 60 °C, and the reaction was monitored by 1H NMR 
spectroscopy. After heating at 60 °C for 12 h, 6a was consumed completely, and styrene (8a) 






4–3  Results and Discussion 
4–3–1 Hydrosilylation reaction of arylalkynes with triethylsilane catalyzed by 





Reactions of phenylacetylene (6a) with triethylsilane in the presence of 5 mol% 
diruthenium complex 2 in toluene-d8 at 90 °C led to hydrosilylation of the alkynes to give 
-(E)-(triethylsilyl)styrene (8) and -(triethylsilyl)styrene (9) in 87% and 7% NMR yields, 
respectively (eq. 4–1). On the other hand, the corresponding reaction shown in eq. 4–2 by use 
of diphenylacetylene (6b) as the arylalkyne gave (E)-(triethylsilyl)stilbene ((E)-10) and 
(Z)-(triethylsilyl)stilbene ((Z)-10) in 96% and 3% NMR yield, respectively. The 1H NMR 
spectra of crude mixtures after completion of the reactions of 6a and 6b with Et3SiH are shown 
in Figures 4–1 – 4–2, respectively. The hydrosilylation reaction of internal alkyne 6b was 
found to proceed slower than that of terminal alkyne 6a, which is known as a common trend in 
catalytic reactions of alkynes with hydrosilanes.8 The reaction of 6a with Et3SiH catalyzed by 2 
resulted in the formation of -(E)-isomer 8 as the major product and -isomer 9 as the minor 
one. On the other hand, the catalytic reaction of 6b with Et3SiH gave both (E)- and 
(Z)-vinysilanes (E)-10 and (Z)-10 as the major and minor product, respectively. Reasons for the 
selectivity are unclear at present and further investigations into the reaction mechanism are 
required. Notwithstanding, these results suggest that complex 2 exhibits a relatively high 
catalytic performance toward -(E)-selective hydrosilylation of both terminal and internal 





Figure 4–1. 1H NMR spectrum of crude 8 and 9 in the mixture obtained by reaction of 6a with 
Et3SiH catalyzed by 2 (CDCl3, r.t.) 
 
 
Figure 4–2. 1H NMR spectrum of crude (E)-10 and (Z)-10 in the mixture obtained by the 
reaction of 6b with Et3SiH catalyzed by 2 (CDCl3, r.t.) 
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4–3–2 Semihydrogenation reaction of arylalkynes with diethylsilane catalyzed by  




On the basis of the results of the hydrosilylation reaction of arylalkynes with triethylsilane 
catalyzed by diruthenium complex 2 (Section 4–3–1), giving vinylsilanes exclusively, I next 
tried to change the hydrosilane for this reaction from triethylsilane to diethylsilane in order to 
evaluate the effect of a different type of hydrosilane on selectivity of products and reaction 
rates. Unexpectedly, the reactions of terminal arylalkynes, i.e. phenylacetylene and its 
derivatives (4-RC6H4)C≡CH (6c: R = OMe and 6d: F), with Et2SiH2 in the presence of 5 mol% 
of 2 in toluene-d8 or C6D6 at 60 °C resulted in semihydrogenation instead of hydrosilylation of 
the alkynes to give the corresponding styrenes 11a, 11c, and 11d in 93, 96, and 95% NMR 
yields, respectively. Similarly, the analogous reaction of an internal alkyne, i.e. 
diphenylacetylene (6b) afforded a mixture of (Z)/(E)-isomers of stilbene (Z)-12 and (E)-12 in 
61 and 29% NMR yields, respectively. The 1H NMR spectra of the crude mixtures after 
completion of the reactions of 6a–d with Et2SiH2 are shown in Figures 4–3 – 4–6. These 
spectra exhibit many signals (ca. 1.30 to 0.60 ppm) for SiEt hydrogens of unidentified 
organosilicon compounds possibly formed by dehydrogenative coupling of Et2SiH2. The 
semihydrogenation reaction of terminal alkyne 6d having an electron-withdrawing fluoro 
group is slower than 6c having an electron-donating OMe group. The present 
semihydrogenation reaction of alkynes occurred under considerably milder conditions (60 °C) 
in comparison with the hydrosilylation reaction using triethylsilane (90 °C). The high 
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selectivity of semihydrogenation over hydrosilylation in the case of the reaction using 
diethylsilane implies that the former reaction pathway proceeds much easier than the latter one. 




Figure 4–3. 1H NMR spectrum of crude 11a in the mixture obtained by the reaction of 6a with 





Figure 4–4. 1H NMR spectrum of crude (Z)-12 and (E)-12 in the mixture obtained by the 
reaction of 6b with Et2SiH2 catalyzed by 2 (C6D6, r.t.) 
 
  
Figure 4–5. 1H NMR spectrum of crude 11c in the mixture obtained by the reaction of 6c with 




Figure 4–6. 1H NMR spectrum of crude 11d in the mixture obtained by the reaction of 6d with 
Et2SiH2 catalyzed by 2 (C6D6, r.t.) 
 
 
4–3–3  Stoichiometric reactions of diruthenium complex 2 with phenylacetylene and 
diethylsilane  
 
In order to gain some insights into the mechanism of the semihydrogenation reactions of 
arylakynes with diethylsilane catalyzed by 2, I examined a stoichiometric reaction of 2 with 
phenylacetylene. Treatment of complex 2 with 1 equivalent of phenylacetylene (6a) in 
benzene-d6 at 60 °C for 6 h and then at 90 °C for 42 h resulted in no observable change of the 
substances. This indicates that 2 shows no reactivity toward phenylacetylene under the given 







On the other hand, 2 was found to react with 1 equivalent of diethylsilane (7b) in 
benzene-d6 at 60 °C for 3 h (eq. 4–6), leading to complete conversion of 7b to unidentified 
organosilicon compounds. The 1H NMR spectrum of the resulting reaction mixture is depicted 
in Figure 4–7. Since complex 2 remained unchanged in the mixture, this complex is considered 
to catalyze the conversion of 7b. A singlet signal of dihydrogen as a byproduct was observed at 
4.46 ppm by 1H NMR spectroscopy during the monitoring of this reaction, which indicates that 
dehydrogenation from 7b took place. In addition, complicated signals assignable to SiEt 
hydrogens of organosilicon compounds appeared in the range from 1.31 to 0.60 ppm. These 
observations suggest that dehydrogenative coupling of diethylsilane molecules possibly 
occurred to give oligosilanes (possible formulas: HEt2Si(SiEt2)nSiEt2H) in this reaction, 
although there are no other spectroscopic evidences for the formation of oligosilanes. Related 
catalytic dehydrogenative coupling of dihydrosilanes has been reported, for example by Ojima 





Figure 4–7. 1H NMR spectrum of a mixture of the stoichiometric reaction of complex 2   




4–3–4  Semihydrogenation reaction of phenylacetylene with dihydrogen catalyzed by 
diruthenium complex 2 
 
Diruthenium complex 2 was also found to catalyze the semihydrogenation reaction of 
phenylacetylene (6a) with H2 (1 atm) in benzene-d6 at 60 °C giving styrene (8a) quantitatively 
without formation of the overreduction product, i.e. ethylbenzene (eq. 4–7). This finding 
suggests that dihydrogen generated from the above-mentioned dehydrogenative coupling of 
diethylsilane molecule (7b) (see eq. 4–5 in Section 4–3–3) is possibly the actual hydrogen 
source in the catalytic semihydrogenation of alkynes with Et2SiH2 (7b) catalyzed by complex 2 




4–3–5  A possible mechanism for semihydrogenation of arylalkynes with diethylsilane 
catalyzed by complex 2  
 
On the basis of the results of the stoichiometric reactions (Section 4–3–3) as well as the 
catalytic semihydrogenation reaction of phenylacetylene (6a) with H2 (Section 4–3–4), I 
propose a possible mechanism for the semihydrogenation reaction of arylalkynes with 
diethyilsilane catalyzed by diruthenium complex 2 illustrated in Schemes 4–6 and 4–7. This 
mechanism consists of the following two catalytic processes promoted by 2: (1) 
dehydrogenative coupling of diethylsilane generating dihydrogen (Scheme 4–6) and (2) 
semihydrogenation of the alkynes with the generated dihydrogen (Scheme 4–7). 
Dehydrogenative coupling of diethylsilane molecules, the first catalytic process for the 
semihydrogenation reaction, possibly proceeds through the catalytic cycle involving 
intermediary silylene complexes as shown in Scheme 4–6. Complex 2 at first undergoes 
reversible Si–H reductive elimination of silyl silicon and -hydrido hydrogen from a Ru center 
by heating to generate coordinatively unsaturated complex B. Subsequently, Si–H oxidative 
addition of the first diethysilane molecule to the vacant coordination site on the Ru center of B 
gives intermediate C. Migration of a hydrido ligand from the Ru center possessing the SiEt2H 
ligand to the adjacent Ru center then occurs to generate intermediate D having a vacant 
coordination site. 1,2-hydrogen migration from the silyl silicon to the Ru center in the Ru–
SiEt2H moiety leads to the formation of silylene complex E, which then undergoes H–H 
reductive elimination to generate H2 that is used for the alkyne semihydrogenation process 
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illustrated in Scheme 4–7. Bridging of diethylsilylene ligand on the diruthenium center and 
migration of a hydrido ligand between Ru centers then occurs to give a coordinatively 
unsaturated silylene bridged Ru2 complex F. Oxidative addition of the second diethysilane 
molecule to the 16-electron Ru center of F generates intermediate G. Subsequent 1,2-migration 
of the SiEt2H ligand to the bridging silylene silicon (Si–Si coupling) occurs to form disilanyl 
complex H. From H, Si–H reductive elimination finally takes place to produce 
1,1,2,2-tetraethyldisilane and simultaneously regenerates B, and the catalytic cycle is 
completed. In this catalytic process, complex 2 serves as the resting state that generates active 
species B. Further multiple Si–Si coupling reactions to give oligosilanes are considered to 
proceed through the catalytic cycles identical with that in Scheme 4–6. The involvement of the 
cooperative effect of two Ru centers in this mechanism is similar to that for the reaction of a 
diruthenium -silane complex having two Ru-H-Si 
interactions,Ru(CO)2(SiTol2H)2(-dppm)(-2:2-H2SiTol2) (dppm = Ph2PCH2PPh2, Tol = 








Scheme 4–6. A proposed mechanism for dehydogenative coupling of diethylsilane catalyzed 




Complex 2 is also considered to promote the second catalytic process (Scheme 4–7), i.e. 
semihydrogenation of alkynes with H2 that comes from the dehydrogenative coupling process 
as described in Scheme 4–6. In the first step of this catalytic mechanism, H2 oxidative addition 
and alkyne coordination to the coordinatively unsaturated Ru2 core in active species B 
generated from 2 (resting state) occurs to give intermediate I. Subsequently, migratory 
insertion of the coordinated alkyne into a Ru–H bond takes place to give alkenyl complex J. 
Hydride migration between two Ru centers resulting in the formation of K followed by C–H 
reductive elimination generates alkene as the product and simultaneously regenerats B, and the 
catalytic cycle is closed. 
 
 
Scheme 4–7. A proposed mechanism for semihydrogenation of alkynes with dihydrogen 










4–4  Conclusion 
As described in this chapter, diruthenium(II,II) complex (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) was 
found to catalyze both hydrosilylation and semihydrogenation reactions of alkynes with 
triethysilane and diethylsilane, respectively (Scheme 4–8). 
 
Scheme 4–8. Hydrosilylation and semihydrogenation reactions of arylalkynes with 
triethysilane and diethylsilane, respectively, catalyzed by complex 2 
 
The hydrosilylation reaction of phenylacetylene (6a) with triethylsilane (7b) catalyzed by 
complex 2 gave -(E)-(triethylsilyl)styrene (8) and -(triethylsilyl)styrene (9) in 87% and 7% 
NMR yields, respectively. On the other hand, the corresponding reaction by use of 
diphenylacetylene (6b) as the arylalkyne afforded (E)-(triethylsilyl)stilbene ((E)-10) and 
(Z)-(triethylsilyl)stilbene ((Z)-10) in 96% and 3% NMR yield, respectively. 
On the other hand, the semihydrogenation reaction of arylalkynes 6a–d with diethylsilane 
catalyzed by 2 gave the corresponding alkenes in high NMR yields. In case of terminal alkynes, 
the reaction of alkyne having an electron-withdrawing fluoro group 6d proceeded more slowly 
than that of 6c having an electron-donating methoxy group. On the other hand, the catalytic 
reaction of internal alkyne 6b with Et2SiH2 gave both (Z)/(E)-isomers of stilbene, i.e. (Z)-12 
and (E)-12. Although further investigation of the catalytic mechanism for this 
semihydrogenation is necessary, I propose that H2 generated from catalytic dehydrogenative 
coupling of diethylsilane serves as the hydrogen source to reduce the C≡C triple bond of 
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Synthesis of dinuclear transition-metal complexes bearing silyl-containing multidentate 
ligands is considerably important because the reactivity towards bond activation of these 
complexes is expected to be enhanced by cooperative effect of not only two metal centers but 
also silyl ligand moieties that possess both strong σ-donating ability and strong trans influence. 
Particularly, due to this strong trans influence, dimetallic cores bearing silyl coordinating 
moieties are expected to show some specific structural and electronic features caused by 
weakening of metal–metal or metal–element bond(s) located trans to the silyl silicon atoms. 
In our group, the study on the design and synthesis of transition-metal complexes bearing 
silyl-containing multidentate ligands has been performed, which is exemplified by the 
synthesis of a mononuclear ruthenium complex having an SiNSi-type bis(silyl)–pyridine pincer 
ligand.1a In addition, mononuclear ruthenium complexes bearing a xanthene-based bis(silyl) 
chelate ligand "xantsil" were also first synthesized in our group, and some of them were found 





In this study, I aimed at the development of an unprecedented 1,8-naphthyridine-based 
ligand having two coordinating moieties in substituents at the 2,7-positions for the synthesis of 
dinuclear transition-metal bis(silyl) complexes. For that purpose, I designed SiNNSi-type 
tetradentate ligand precursors, namely 2,7-bis[(dialkylsilyl)methyl]-1,8-naphthyridine 
(abbreviated as RNBSi(H)2) (eq. 5–1) to synthesize complexes A (eq. 5–1). As a representative 
reaction system to investigate the catalytic performance of dinuclear complexes A, I selected 
the reactions of alkynes with hydrosilanes. This thesis described the successful synthesis of 
dinuclear complexes A (M = Ru) with a 1,8-naphthyridine-based bis(silyl) supporting ligand 
(i.e. t-BuNBSi(H)2) and also the catalytic activity of one of A (M = Ru) toward reactions of 
alkynes with hydrosilanes. In this chapter, the results of this study will be summarized, and 
some future prospects will be described.  
 
5–1  Synthesis of The Precursors of 1,8-Naphthyridine-Based Bis(silyl) Supporting 
Ligands 
 
In Chapter 2, details of the experimental results of the synthesis of RNBSi(H)2 were 
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described (Scheme 5–1). The first example of a 1,8-naphthyridine-based ligand precursor 
bearing (hydrosilyl)methyl groups at the 2,7-positions, i.e. t-BuNBSi(H)2 (1a), was successfully 
synthesized by six-step reactions from 2-aminopyridine via 2,7-dimethyl-1,8-naphthyridine B 
as an intermediate (Scheme 5–1). On the other hand, when a silyl group with less bulky 
isopropyl substituents was used, compound 1b bearing a bis(diisopropylsilyl)methyl group at 
the 2-position of the 1,8-naphthyridine ring was obtained as the main product. This result 
implies that the bulkiness of substituents on Si is crucial for selective synthesis of the desirable 
ligand precursor RNBSi(H)2.  
 
 
Scheme 5–1. Synthesis of a target ligand precursor t-BuNBSi(H)2 (1a) and unexpected 
formation of 1b 
 
 
5-2 Synthesis and Structures of Transition-Metal Complexes with a  
1,8-Naphthyridine-Based Bis(silyl) Ligand 
 
Chapter 3 described the details of the examinations of the reactions of Ru3(CO)12, 
Re2(CO)10, and[IrCl(coe)2]2 with a ligand precursor 1a to synthesize of the target dinuclear 
complexes A and structures of these products of the reactions. 
Diruthenium(II,II) complex (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) was successfully synthesized by 
a thermal reaction of ligand precursor 1a with 2/3 molar equiv. of Ru3(CO)12 (Scheme 5–2). 
Crystal structure analysis of 2 revealed that the Si–Ru–Ru–Si linkage adopts a zigzag 
arrangement. A DFT optimized structure of a simplified model complex of 2, i.e. 
(MeNBSi)Ru2(-H)2(CO)4 (2´), clearly showed that each of the two hydrido ligands 
asymmetrically bridges two Ru atoms where the Ru–H bonds trans to Si are longer than those 




Scheme 5–2. Synthesis of a diruthenium(II,II) complex (t-BuNBSi)Ru2(μ-H)2(CO)4 (2) and    
a diruthenium(I,I) complex (t-BuNBSi)Ru(CO)6 (3) 
 
Photoirradiation of a benzene solution of complex 2 resulted in the formation of an air 
stable (hexacarbonyl)diruthenium(I,I) complex (t-BuNBSi)Ru(CO)6 (3) as a dark brown powder 
(Scheme 5–2). The change of the oxidation number of each of the Ru centers from +2 
(complex 2) to +1 (complex 3) indicates that t-BuNBSi is able to support the dinuclear 
ruthenium core with some different oxidation states. The Si–Ru–Ru–Si linkage in 3 adopts a 
roughly linear arrangement in which each of the silyl silicon atoms is located trans to the Ru–
Ru bond. Two RuN(CO)3 fragments are mutually twisted around the Ru–Ru bond due to the 
steric repulsion between CO ligands, and the Ru–Ru bond in 3 (2.8579(3) Å) is elongated in 
comparison with those of related Ru2 complexes with 1,8-naphthyridine-based ligands 
(normally shorter than 2.7 Å), probably because of strong trans influence of the silyl ligands. 
On the other hand, reaction of 1a with Re2(CO)10 under photoirradiation and with 
[IrCl(coe)2]2 under heating at 90 °C gave mononuclear complexes [
t-BuNBSi(H)]Re(CO)4 (4) 
and [t-BuNBSi(OH)]Ir(H)Cl(coe) (5), respectively, instead of dinuclear ones (Scheme 5–3). 
Since both 4 and 5 possess a Si–H or Si–OH functional group and a N(napy)-donor 






Scheme 5–3. Synthesis of a monorhenium complex [t-BuNBSi(H)]Re(CO)4 (4)  
and a monoiridium complex [t-BuNBSi(OH)]Ir(H)Cl(coe) (5) 
 
 
5–3  Catalytic Activity of a Diruthenium Complex 2 Having a 1,8-Naphthyridine-Based 
Bis(silyl) Ligand Toward Reactions of Alkynes with Hydrosilanes 
 
Chapter 4 described the catalytic activity of diruthenium complex 2 toward the reactions of 
alkynes with triethylsilane and diethylsilane (Scheme 5–4).  
The reaction of phenylacetylene (6a) and diphenylacetylene (6b) with triethylsilane (7a) 
catalyzed by 2 afforded hydrosilylation products (silylalkenes) high NMR yields. The reaction 
of internal alkyne 6b was slower than that for terminal alkyne 6a. Both cases showed high 
seteroselectivity of the hydrosilylation products: -(E)-silylstyrene and (E)--silylstilbene were 
obtained predominantly from alkynes 6a and 6b, respectively. On the basis of these findings, I 
suggest that complex 2 has a relatively high catalytic activity for -(E)-selective 







Scheme 5–4. Hydrosilylation and semihydrogenation of alkynes with hydrosilanes catalyzed by 
diruthenium complex 2 
 
The corresponding reaction by use of diethylsilane (7b) instead of triethylsilane (7a) led to 
unexpected semihydrogenation of alkynes to give alkenes exclusively. In this case, complex 2 was 
found to be catalytically active for the semihydrogenation reaction of terminal alkynes 
(4-RC6H4)C≡CH (R = H (6a), OMe (6c) and F (6d)) and internal alkyne 6b. Semihydrogenation 
of 6d having an electron-withdrawing fluoro group was slower than that of 6c having an 
electron-donating OMe group. On the other hand, semihydrogenation of 6b resulted in the 
formation of both (E)- and (Z)- isomers. 
Based on the results of the stoichiometric reaction of complex 2 with 6a and that of 2 with 
7b and the semihydrogenation reaction of 6a with H2 (1 atm) catalyzed by 2, I proposed a 
mechanism for the catalytic semihydrogenation of alkynes with diethylsilane that involves 
generation of H2, probably through dehydrogenative coupling of diethylsilane catalyzed by 2. 
 
5–4  Future Prospects 
In this study, I revealed that t-BuNBSi(H)2 (1a) was a useful ligand precursor for the 
synthesis of dinuclear transition-metal complexes such as diruthenium complexes 2 and 3. 
However, since both Ru2 complexes 2 and 3 bear CO ligands that strongly coordinate to the 
metal centers, generation of coordinatively-unsaturated complexes from them by CO 
dissociation is expected to be difficult. Therefore, in order to improve the utility of dinuclear–
t-BuNBSi complexes as catalysts, other dinuclear t-BuNBSi complexes C having weakly 
coordinating ligands, such as pyridine or nitriles, are required to be synthesized by use of 
ligand precursor 1a in a future study (eq. 5–2). Complexes C are expected to generate 
coordinatively-unsaturated species easily via dissociation of two weakly coordinating ligands L 
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located trans to the silyl ligands, and therefore show higher reactivity and catalytic activity in 




2-Bis(dialkylsilyl)methyl napy derivatives such as 1b (see Section 5–1) can also be a 
potential ligand precursor for the synthesis of a different type of dinuclear transition-metal 
complexes, i.e. complexes D with an asymmetric structure (see below). Complexes D are 
expected to show different structural, physical, and/or chemical properties in comparison with 
the symmetrical dinuclear complexes 2 and 3 (see Section 5–2) because two silyl ligand 
moieties can coordinate to a single metal center. Therefore, investigation of synthesis and 
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